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Preface
Within this thesis, some chapters have been based on work presented
in the following jointly authored publications:
I. Chemistry in a gravitationally unstable protoplanetary disc, J.
D. Ilee, A. C. Boley, P. Caselli, T. W. Hartquist and J. M. C.
Rawlings, 2011, MNRAS, 417, 2950.
II. CO bandhead emission of massive young stellar objects: deter-
mining disc properties, J. D. Ilee, H. E. Wheelwright, R. D.
Oudmaijer, W. J. de Wit, L. T. Maud, M. G. Hoare, S. L. Lums-
den, T. J. T. Moore, J. S. Urquhart and J. C. Mottram, 2013,
MNRAS, 429, 2960.
Paper i forms the basis of Chapter 2. The primary author (J. D. Ilee)
was responsible for the complete rewrite of a chemical network provided
by J. M. C. Rawlings to be compatible with a physical disc model
provided by A. C. Boley. The network was expanded to include thermal
desorption and three-body reactions. Various integration methods were
tested for the chemical rate equations, and key integration parameters
were altered until successful runs were obtained. The chemistry results
were combined with the original physical model to provide maps of
the column density for each molecule. The chemistry of individual
elements, along with the disc as a whole, was interpreted and analysed.
The primary author wrote the initial draft of the publication, and then
incorporated comments from co-authors in the final draft.
Paper ii forms the basis of Chapter 3. The data were obtained with
proposals written by R. D. Oudmaijer and were observed by W. J. de
Wit. The primary author (J. D. Ilee) was responsible for the complete
data reduction and spectra extraction, along with the data analysis
and interpretation. The analysis involved the adaptation of the emis-
sion model provided by H. E. Wheelwright, and included changing the
physical representations of the circumstellar disc between three possi-
ble models which were subsequently tested. The primary author wrote
the initial draft of the publication, and then incorporated comments
from co-authors in the final draft.
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Abstract
This thesis contains a study of molecules within circumstellar discs
around young stars. Firstly, the chemistry of a disc around a young,
Class 0 protostar is modelled. Such discs are thought to be massive, and
thus experience gravitational instabilities, which produce spiral density
waves. These affect the chemistry in three ways; by desorbing molecules
from dust grains, by providing extra energy for new reactions to take
place, and by mixing the internal structure of the disc to provide a rich
chemistry near the midplane.
Secondly, high resolution near-infrared spectra of 20 massive young stel-
lar objects are presented. The objects display CO first overtone band-
head emission, which is excited in the conditions expected within cir-
cumstellar discs. The emission is modelled using a simple analytic model
of a Keplerian disc, and good fits are found to all spectra. On average,
the discs correspond to being geometrically thin, spread across a wide
range of inclinations. The discs are located within the dust sublima-
tion radius, providing strong evidence that the CO emission originates
in small gaseous discs, supporting the scenario in which massive stars
form via disc accretion.
Finally, medium resolution near-infrared spectra of 5 Herbig Ae & Be
stars are presented. The spectra cover both CO bandhead and Br γ
emission. Accretion rates are derived from the measuring the Br γ emis-
sion and through modelling the CO emission, however these accretion
rates are found to be inconsistent. High resolution archival data of one
of the targets is presented, and it is shown that this CO disc model is
unable to fit the high resolution data. Therefore, it is concluded that to
properly fit CO spectra, high resolution data are needed, and that pre-
viously published information determined from low resolution spectra
should be treated with caution.
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Chapter 1
Introduction
1.1 The formation of stars
Star formation in our Galaxy occurs mostly within giant molecular clouds (GMCs)
located primarily in the spiral arms of the Galactic plane (Shu et al., 1987a). GMCs
are thought to exist for around 107 years, and during that time the influences of
their surrounding environment creates much of the complex structure observed
within them. For example, shocks driven by stellar winds, supernova remnants
or ionised hydrogen (H ii) regions can compress and shape the GMCs, forming
structures such as filaments and voids within them. The Rosette Molecular Cloud
(RMC) provides a good example of a GMC; it has a mass of about 1–2×105M⊙,
covers an area on the sky of approximately 2200 pc2 and has a mean molecular hy-
drogen number density, n(H2), of 30 cm
−3 (Williams et al., 1995). Figure 1.1 shows
an intensity map of carbon monoxide (CO) in the RMC, tracing the distribution
of matter and showing the inhomogeneous nature of the region.
The majority of the mass of a GMC lies in denser regions known as clumps. The
Figure 1.1: Optical image of the Rosette nebula from the Palomar Observatory
Sky Survey, overlaid with contours of 12CO J=2–1 emission, which indicates the
position of the Rosette Molecular Cloud. Red circles indicate the position of bright
infrared sources that have been detected in the region. Taken from Schneider et al.
(1998)
RMC has approximately 70 clumps, with observed densities of n(H2) ∼ 220 cm
−3,
temperatures of around 10K, sizes of up to 5 pc and masses of between 30–2500M⊙
(Williams et al., 1995). Their susceptibility to collapse under their own self gravity
can be approximately assessed by examining the Jeans mass (Jeans, 1902), which
can be expressed as
MJ =
(
πkbT
µG
)3/2
ρ−1/2, (1.1)
where T and ρ are the local temperature and density of the clump, k is the Boltz-
mann constant, G is the gravitational constant and µ is the molecular weight of
the material in the clump. Regions with a mass greater than MJ will be sus-
ceptible to gravitational collapse. For the clumps in the RMC, this critical mass
is approximately 50M⊙. Observations have suggested that clumps in the RMC
have masses of the order 103M⊙, which is far higher than the Jeans mass. This
suggests that these regions should have already undergone collapse, and therefore
should not exist. This presents a problem with this theoretical prescription of how
gravitational collapse proceeds.
However, molecular clouds and clumps have been observed to posses magnetic
fields (Kazes & Crutcher, 1986), which has not been considered in the above treat-
ment. Magnetic field gradients cause forces on charged particles. This introduces
a relative motion between the charged and neutral particles, which is known more
commonly as ambipolar diffusion (Mestel & Spitzer, 1956). This causes collisions
between them, which results in a drag force between the charged and neutral par-
ticles. This drag force impedes the gravitationally induced collapse of the neutral
material in the cloud. Observations of clumps reveal linewidths that are greater
than those expected by purely thermal motions. These super-thermal motions are
thought to be due to the presence of magnetohydrodynamic (MHD) waves (Arons
& Max, 1975; Falgarone & Phillips, 1990). These waves cause an increase in the
effective pressure of the clump material, which offers another source of support
against gravitational collapse. When ambipolar diffusion and MHD waves are
taken into account, the effective Jeans mass is raised sufficiently to allow clumps
to resist collapse (Shu et al., 1987a).
Within clumps, smaller dense core regions are detected with typical densities of
n(H2) = 10
5 cm−3 (Myers et al., 1987). At the density of the cores, the fractional
ionisation is low enough that magnetic fields can no longer offer sufficient support
to the material against gravity, and the collapse to stellar densities can occur.
Bright infrared sources are also detected within the cores (as indicated in Figure
1.1). The temperature of the core is not sufficient to create such emission, and
thus there must be a central object in the cores that is powering this radiation.
These are thought to be young stars in the earliest stages of formation - protostars.
The timescales over which cloud collapse occurs can offer insight into the nature
of the stars that are formed in these regions. The timescale for gravitational
collapse is given by the free-fall time (Shu et al., 1987b),
tff =
(
3π
32Gρ
)1/2
≈ 3.4× 107 n−1/2 yr, (1.2)
where ρ is the average mass density of the material, and n is the number density
per cubic centimetre. Using the RMC as an example, with a mean number density
of 30 cm−3, the longest free fall time would be approximately 6× 106 yr, giving an
upper limit on the timescale for stellar evolution.
However, gravitational free-fall does not occur indefinitely. As mentioned pre-
viously, collapsing material comes together in the centre of the collapse region,
where a protostar is formed. The gravitational potential energy of the material is
converted into heat. The timescale on which this process occurs is given by the
Kelvin-Helmholtz time,
tKH ≈
GM2⋆
R⋆L⋆
, (1.3)
whereM⋆, R⋆ and L⋆ are the protostellar mass, radius and luminosity, respectively.
This provides an estimate of the time taken for objects to evolve to the point
immediately prior to the onset of nuclear fusion within their core. For a solar
mass star, this time is relatively long at tKH ≈ 3× 10
7 yrs, but for a star of 50M⊙
and 104 L⊙, collapse takes place rapidly, and tKH ≈ 10
4 yrs. For stars with masses
greater than 8M⊙, then tKH > tff , which implies that fusion begins before the final
collapse to stellar densities. This allows a natural division to be made between
two types of stars - low mass (M < 8M⊙) and high mass (M > 8M⊙).
1.1.1 Low mass
The term usually given to the system of a forming protostar and surrounding
envelope is a young stellar object (YSO). These YSOs are often grouped into
four main classes, which are thought to represent an evolutionary sequence. Three
classes were originally defined, Class I–III, by Lada (1987), and were later updated
by Andre et al. (1993) to include a Class 0 phase. These classes are defined by
observations of spectral energy distributions (SEDs). Quantitatively, this can be
described by the slope of the SED (or spectral index, a) between 10–100µm, where
a =
d log(λFλ)
d log λ
. (1.4)
Figure 1.2 shows a schematic diagram of the evolutionary sequence along with an
expected SED for an object of each class.
Figure 1.2: Schematic view of low mass star formation, as based on Shu et al.
(1987a) and Andre et al. (1993). Labels show typical timescales and sizes, and in-
sets show the theoretical SED for each evolutionary class. Adapted from Jonkheid
(2006).
An early Class 0 object is only observed at longer wavelengths, due to the
optically thick, dusty envelope that firstly absorbs and then re-radiates energy
from the central protostar. The SED follows a blackbody shape, with a peak
corresponding to a temperature of approximately 30K, in the submillimeter wave-
length range where λ > 100 µm. For Class 0 sources, a > 3. They have been
observed to possess powerful bipolar outflows, where material is launched away
from the protostar, thus accretion cannot be purely spherical.
After 104–105 years, the Class I phase is reached, where the temperature of the
envelope rises to approximately 100K, and the peak of the SED moves into the
far-infrared regime, with λ ≈ 30µm. For Class I sources, 0 < a ≤ 3. The effects
of rotation become important, and the infalling material forms an accretion disc
around the protostar, which can be seen as an additional component in the SED, at
shorter mid-infrared wavelengths, corresponding to temperatures of around 300K.
Jets and outflows have been observed in these objects, showing cavities being
cleared perpendicular to the plane of the accretion disc.
The Class II phase occurs after 105–106 years, at which point a large fraction
of the surrounding envelope of cloud material has been dispersed by winds and
outflows from the central protostar. The SED now contains an infrared tail, with
a component from the central star possibly visible in the optical, and ultraviolet
radiation emanating from accretion on to the stellar surface, progressing through
magnetically channelled accretion funnels. For Class II sources, −2 ≤ a ≤ 0. This
is usually known as a T Tauri star, so-called because of the archetype of its class,
T Tauri.
After 106–107 years, the Class III phase begins. These objects possess a typ-
ical stellar blackbody SED, with a faint longer wavelength tail due to remnant
circumstellar material. Some objects show dips in their SED profiles. This has
been suggested as evidence for giant planet formation, where material at a con-
stant radius from the central star has collapsed to form a planetary body, and thus
there is a lack of material emitting at the temperature of the disc at this radius,
causing a dip in the SED. Smaller, rocky planets may condense and form from the
debris disc of material. For Class III sources, −3 ≤ a ≤ −2. After this phase is
complete, the stellar system has completed formation and is known as a zero-age
main sequence object (ZAMS).
1.1.2 High mass
Massive stars are much rarer than lower mass stars, but they are important from
stellar to galactic scales. The high temperature and luminosity of a massive star
results in the injection of large amounts of ionising radiation and kinetic energy
into its surroundings, which shapes the local interstellar medium (ISM) and may
trigger nearby star formation. They also deposit chemically enriched material into
the ISM via continuous mass loss during their lifetime and in supernova explosions
at the end of their lives.
Despite their importance to the ISM, the formation mechanisms of massive
stars are poorly understood (see the review of Zinnecker & Yorke, 2007). They
form extremely quickly (tKH = 10
4−5 yrs) and are therefore rare and located at
large distances compared to more common lower mass YSOs. Because of their
rapid formation timescale, the massive young stellar objects (MYSOs) reach the
main sequence and obtain a high luminosity while still enshrouded in their natal
cloud material. These characteristics of massive stars present a challenge to the-
ories of their formation, particularly when considering a scaled up version of low
mass star formation (as in Shu et al. 1987b, see Norberg & Maeder 2000). For
instance, because of the short Kelvin-Helmholtz time, there is only a short time to
accumulate sufficient mass before the protostar ionises the surrounding material.
This ionisation, along with significant radiation pressure from the central proto-
star due to high luminosities, acts on the collapsing material and may halt further
accretion (Kahn, 1974; Larson & Starrfield, 1971; Wolfire & Cassinelli, 1987).
However, recent 3D hydrodynamic models indicate that discs circumvent the
proposed barrier to massive star formation by facilitating the accretion of matter
on to the central object (Krumholz et al., 2009; Kuiper et al., 2010, 2011). In
addition, observations have shown that some ultra-compact H ii regions have out-
flows, usually associated with ongoing accretion (e.g. Klaassen et al., 2011). Thus,
continued accretion must be possible after the star reaches the main sequence and
begins ionising its surroundings.
Obtaining observational evidence of discs in MYSOs is difficult for two reasons.
Firstly, the objects are heavily extincted, making direct imaging impossible in the
optical, and difficult with other wavelengths. Secondly, because the formation
phase of massive stars is short, MYSOs are rare, and thus a representative sample
has been difficult to obtain. Early searches for MYSOs were conducted using the
IRAS point source catalogue (Molinari et al., 1996; Sridharan et al., 2002). This
suffered from source confusion due to the large beam size (2–5 arcmin at 100µm)
and was biased to isolated objects away from the Galactic plane, to avoid confu-
sion with background infrared emission. This issue has been addressed by the Red
MSX Source (RMS) survey (Lumsden et al., 2002), which is an unbiased survey
of MYSOs throughout the Galaxy. It is drawn from the MSX mid–infrared sur-
vey of the Galactic plane (Egan et al., 2003), which has a resolution of 18 arcsec,
allowing detection of sources in previously unresolved regions. An extensive multi-
wavelength campaign has been conducted to identify contaminant objects within
the MSX survey, such as ultra-compact H ii regions and planetary nebulae (Mot-
tram et al., 2007, 2010; Urquhart et al., 2007, 2009), finally yielding approximately
500 candidate MYSOs in the database.
1.1.3 Intermediate mass
In practice, there is not a sudden division between the low and high mass stars, but
rather a gradual change across the mass range. Stars that occupy the intermediate
mass regime (between 2 and 10M⊙) are thought to form from the pre-main se-
quence Herbig Ae/Be (HAeBe) stars, which were first discussed by Herbig (1960).
Originally, these stars were identified based on three criteria: i) The star has a
spectral type A or B with emission lines, ii) it is located in an obscured region, and
iii) the star illuminates a bright nearby nebulosity. These criteria proved useful
for the identification of HAeBes, and several large catalogues have been compiled
(e.g. The´ et al., 1994; Vieira et al., 2003).
HAeBe stars are optically bright, and therefore offer a unique opportunity to
study the formation of stars between the lower mass T Tauri stars and the higher
mass MYSOs. It is across this mass range that the accretion is thought to switch
from the mechanism in lower mass stars, magnetically controlled accretion from
discs that are separated from the surface of the central protostar; to discs that
reach directly on to the stellar surface (Mottram et al., 2007; Oudmaijer et al.,
2011). Therefore, study of this class of objects will offer insight into the accretion
processes in both low and high mass stars.
1.2 The importance of discs
Disc-like structures are ubiquitous across all scales of objects in the Universe; from
the largest spiral galaxies, to planetary rings such as those around Saturn. In the
context of star formation, circumstellar discs form because the collapsing cloud of
material possesses some angular momentum, ~J , given by,
~J =
∫
ρ(~r) (~r × ~v(~r)) d3~r ≈ ~ωmr2, (1.5)
where ρ, ~v and ~r are the mass density, velocity and position vector relative to the
centre of the cloud. Since angular momentum is conserved as matter moves toward
the protostar (a decrease in r) the velocity will increase, leading to an increase in
angular velocity ~ω. This causes a centrifugal force that opposes direct collapse
which is strongest perpendicular to the rotation axis, and weaker parallel to the
rotation axis. The overall effect of this is the emergence of a flattened structure -
a circumstellar accretion disc.
The presence of discs in a star formation context is important for several rea-
sons. Apart from being the sites of planet formation, discs provide a route for
removing angular momentum from material that will accrete, which is required
if the full collapse is to proceed. Table 1.1 shows measured values of the specific
angular momentum for different evolutionary stages of star formation.
It is clear that the angular momentum needs to be reduced by orders of magni-
tude before collapsing material can produce a main sequence star. The emergence
of a disc provides an important stage in which the loss of this angular momentum
can occur. However, the specific mechanisms that transfer angular momentum
through a disc are not known, but an effective coupling between concentric annuli
Table 1.1: Characteristic values of specific angular momentum for various stages
of stellar evolution. Taken from Bodenheimer (1995).
Object Specific Angular
Momentum J/m [cm2 s−1]
Molecular Clump 1023
Molecular Core 1021
T-Tauri Star 5× 1017
Main Sequence Star 1015
is required. This effect can be understood if one imagines two masses at different
radii in the disc, connected by a stretched spring. The inner mass rotates faster
than the outer mass, and the spring torque acts to slow the inner material, lower-
ing its angular momentum and causing it to move to a smaller radius. The outer
mass has a corresponding increase in angular momentum and moves to a larger
radius, which acts to increase tension in the spring. This cycle continues at all
points within the disc and the net effect is to transport angular momentum out-
wards (Balbus, 2003a). Though molecular viscosity is insufficient, some form of
viscosity provides this spring-like connection, but it may be due to a combination
of several mechanisms rather than a single phenomenon.
In massive discs, the gravitational effect of the disc material itself can become
important, and therefore provide the effective connection between annuli within
the disc. In these ‘self gravitating’ discs, the effect of this connection is the emer-
gence of gravitational instabilities (GIs) which produce rotating spiral arms in the
disc material. Figure 1.3 shows a simulated disc with these spiral waves develop-
ing. The vulnerability of a disc to gravitational instabilities is set by the balance
between the self-gravity of the disc material (which drives collapse), the pressure
Figure 1.3: Simulation of a gravitationally unstable disc around a 0.3M⊙ pro-
tostar at four time steps from a simulation of Boley (2009). The colour scale
indicates surface density. Spiral waves appear in the initially smooth disc, which
eventually lead to a bound protoplanetary fragment in the final panel.
(which prevents small-scale collapse) and the rotation (which prevents large-scale
collapse). This can be quantified by the Toomre Q parameter (Toomre, 1964),
Q =
csκ
πGΣ
< 1 (1.6)
where κ is the epicyclic frequency (representing the rotational support, and equal
to the angular velocity Ω in a Keplerian disc), cs is the sound speed of the gas
(representing the pressure support) and Σ is the surface density of the gas. A thin
disc becomes gravitationally unstable when the material becomes dense enough to
overcome the support against gravity, i.e. when Q < 1. When this condition is
fulfilled, for instance in a sufficiently massive or cold disc, the region is susceptible
to gravitational instability.
Another mechanism that produces an effective viscosity is the magneto-rotational
instability (MRI), a magnetohydrodynamic effect that occurs when a Keplerian
disc is threaded by a magnetic field. The fundamentals of this instability were
first described in a general sense by Velikhov (1959) and Chandrasekhar (1960)
but its application to accretion discs was not investigated until Balbus & Haw-
ley (1991). If dissipative effects can be ignored, for instance if the disc has no
resistivity, the magnetic field lines can be considered to be ‘frozen’ into the disc
material, so that as material threaded by a magnetic field line moves, the field line
stays attached to the material and is carried along by the flow. This gives rise to
the spring-like connection discussed earlier. As material moves apart, the tension
in the field lines increases and results in a runaway process (Lodato, 2008). This
process will only occur in discs (or regions within them) in which the ionisation
fraction is sufficient.
The proper theoretical treatment of the potential sources of disc viscosity is
complex, and until recently was too computationally expensive. To avoid these
complex assumptions on the exact nature of the viscosity, methods were developed
to assign an ‘anomalous’ viscosity to discs, in which the viscosity, ν, is characterised
by
ν = αHpcs, (1.7)
where Hp is the pressure scale height of the disc, cs is the sound speed of the
disc material, and α is a dimensionless variable that scales the effective viscosity
of the disc, where a larger α corresponds to a more viscous disc environment.
Using this approximation allows the viscosity problem to be quantified by way of
the α parameter (in circumstellar discs, often α ∼ 0.01–0.001) without having to
investigate the source of the viscosity in detail. These α-disc models have been
useful in providing a zeroth-order approximation to viscosity, but they cannot
fully describe complex discs in which the viscosity is not constant. Modelling this
viscosity and angular momentum transport has been the subject of much current
research, reviews of which can be found in Balbus (2003b); Bodenheimer (1995);
Dullemond et al. (2007); Lodato (2008) and Armitage (2011).
1.3 Astrochemistry
One of the most useful tools in astronomy is spectroscopy - the analysis of the
electromagnetic spectrum of an object. Often, this involves measurements of the
emission and absorption lines in the spectrum. This can reveal information on
the physical and dynamical structure of an astrophysical object. The detection of
certain molecular lines confirms different physical conditions such as temperatures
and densities, the widths of individual spectral lines can give rotational velocities
and thermal or non-thermal motions, and Doppler shifted lines give information
about line of sight velocities. This information can be obtained even for unresolved
objects. However, much of this information depends on a good understanding of
how the chemistry occurring within the objects operates and evolves - the study
of astrochemistry.
At the time of writing, more than 170 molecules have been detected in interstel-
lar space (Mu¨ller et al., 2005). To properly model the behaviour of even a small
subset of these molecules, complex networks of chemical reactions are needed.
These reaction networks (which utilise data on the rates of chemical reactions
obtained both experimentally and theoretically) are used to follow the chemical
composition in various models of astrophysical environments. Several groups have
compiled large, publicly available databases of both chemical reaction networks,
and reaction rates. Two major examples are the UMIST Database for Astrochem-
istry, (UDfA; Millar et al. 1997a, Woodall et al. 2007, McElroy et al. 2013), and
the Kinetic Database for Astrochemistry (KIDA; Wakelam et al. 2012).
To discuss these networks further, it is useful to consider a simple example.
The rates of formation and destruction of a species depend on the temperature
and density of the medium and the abundance of the reactants. If molecule X is
created by
A + B
kAB−→ X+ Y (1.8)
and destroyed by
X + C
kXC−→ D+ E (1.9)
where k is the rate co-efficient of the reaction in cm3 s−1, then the rate of change
of number density of species X will follow
d
dt
n(X) =
∑
A
∑
B
kABn(A)n(B)−
∑
C
kXCn(C)n(X) (1.10)
which is known as the rate equation for species X. The rate coefficient k is deter-
mined by k = <σv> , where σ is the effective cross section of the particles, v is
their velocity and the averaging is performed over all particles in the reaction. If
the reaction possesses an activation energy, Ea, the rate co-efficient is often well
represented by the Arrhenius formula,
k = A(T ) exp
(
−Ea
kbT
)
(1.11)
where T is the temperature of the medium, and the factor A(T ) is a function of
temperature. In the most simple cases, it is these rate coefficients that are recorded
in chemical reaction networks such as the UDfA and KIDA.
1.3.1 Types of reactions
Chemical reactions important in the interstellar medium can fall into several cat-
egories, and can involve a variety of reactants. At interstellar densities and tem-
peratures, the overwhelming majority of these involve just two species, and are
therefore known as two-body reactions. There are several types of two-body reac-
tions. Table 1.2 lists the common types of reactions and a typical rate coefficient
for each.
In GMCs, molecular hydrogen (H2) is the most abundant species, and influences
much of the initial chemistry. It is therefore important to consider how it forms.
If a simple early universe is assumed to contain neutral atomic hydrogen, some
hydrogen ions and electrons that have not recombined, and neutral atomic helium,
then the following ion-neutral reaction sequence will take place
H+ +H −→ H+2 + hν (1.12)
H+2 +H −→ H2 +H
+ (1.13)
Table 1.2: Common reactions in astrophysical environments. The photoabsorp-
tion rates are typical for the unshielded standard interstellar radiation field and are
negligible in dense molecular regions. Adapted from van Dishoeck & Hogerheijde
(1999) and Caselli (2005)
Reaction Process Rate Coefficient k [cm3 s−1]
Neutral-neutral A + B −→ C + D 10−12 – 10−10
Radiative association A + B −→ AB + hν 10−16 – 10−13
Ion-neutral A+ + B −→ C+ + D 10−9
Dissociative recombination AB+ + e− −→ A + B 10−6
Charge transfer A+ + B −→ A + B+ 10−9
Photodissociation AB + hν −→ A + B 10−11 [s−1]
Photoionisation A + hν −→ A+ + e− 10−11 [s−1]
This sequence, and the reaction of hydrogen anions with atomic hydrogen,
H + e− −→ H− + hν (1.14)
H− +H −→ H2 + e
− (1.15)
dominate production of the initial H2 (Lepp & Stancil, 1998). Following recom-
bination and prior to the formation of stars, photodissociation of H2 is negligible.
However, once stars form, the incident radiation field also acts to photodissociate
H2 via
H2 + hν −→ H+ H (1.16)
at a rate (given in Table 1.2) which is too fast for the above production routes
to form the amounts of H2 present in the Galaxy. One can therefore assume that
since a great deal of H2 is detected, there must be another mechanism creating it
that we have yet to consider. The above treatment has only concerned gas phase
reactions. In fact, there is another component that is important in the study of
the chemistry of interstellar clouds - dust grains.
Dust grains are formed in the extended atmospheres of cool stars, and ejected
into the interstellar medium where they undergo physical and chemical processing
(Humphreys & Lockwood, 1972; Williams, 2005). Their surfaces provide a location
for further chemistry to occur, and this grain-surface chemistry is of particular
importance as it provides a means by which further reactions can create different
species. Gas phase molecules attach themselves to the surfaces of dust grains (a
process known as adsorption) via two mechanisms: physisorption (involving weak
van der Waals forces) or chemisorption (due to chemical valence bonds). At the low
temperatures encountered in GMCs, physisorption is thought to dominate because
chemisorption has a potential barrier to overcome. Once species are adsorbed, they
produce layers of ices on the surface of dust grains, which allows more complex
surface chemistry to occur (Herbst & van Dishoeck, 2009). An example of this is
the process of hydrogenation, by which surface hydrogen reacts quickly with other
surface species (including itself) to produce saturated molecules. For instance, H2
can be formed via
H + Grain −→ H(s) (1.17)
H(s) +H(s) −→ H
(s)
2 (1.18)
where the superscript (s) denotes a species on the surface of a dust grain. This H
(s)
2
is then removed from the grain surface back into the gas phase, a process known
as desorption. This mostly occurs by utilising the excess energy created during
its formation, but thermal (sublimation) or non-thermal (cosmic ray) desorption
may also occur. This mechanism dominates the formation of H2 in the interstellar
medium.
In the cold, dense cores mentioned earlier, reactions with large activation ener-
gies do not occur, as there is not sufficient thermal energy to overcome the barriers.
These regions are also self-shielded from incident stellar radiation, so few reactions
that are initiated by photons occur. It is therefore ion-molecule reaction sequences
(initiated by cosmic ray induced ionisations) that dominate much of the gas phase
chemistry. For example, the following reaction
H2 + γ −→ H
+
2 + e
− + γ, (1.19)
where γ indicates a cosmic ray, occurs in 97% of cases (3% of the ionisations
produce H+) and proceeds at a rate of 10−17 s−1 (Hartquist & Dalgarno, 1996).
The newly formed H+2 reacts swiftly with further H2 in the reaction
H+2 + H2 −→ H
+
3 +H (1.20)
to produce H+3 . This H
+
3 is important for many further reactions which include
species such as atomic carbon and atomic oxygen, leading to the formation of
many new species as indicated in Figure 1.4.
The conditions for chemistry in protoplanetary discs can be quite different to
that of interstellar or core chemistry. The number densities and temperatures
are much higher, with n(H2) ≈ 10
9–1014 cm−3 and T ≈ 30–1000K depending
on the location within the disc, as opposed to 104–105 cm−3 and about 10K in
GMCs. This means that different chemical processes will occur, and therefore
these processes need to be considered. The increased densities also mean that
Figure 1.4: A selection of the main ion-molecule reactions in dark clouds, initi-
ated by H+3 .
three-body reactions in the gas phase will begin to have an important effect on
the chemistry. In these cases, a third body (M, the most abundant species) acts
an a non-reacting catalyst in situations such as
CH3 +H +M −→ CH4 +M (1.21)
This has been included in models by Willacy et al. (1998) and others. Thus, it
is clear that detailed consideration of the reactions occurring in these regions is
required, along with the physical conditions expected, in order to properly model
the chemistry.
1.3.2 The CO molecule
As can be seen from Figure 1.1, CO is a common interstellar molecule. It possesses
a strong binding energy and is therefore found in many interstellar environments
- from cold clouds such as the RMC, to relatively warmer environments such as
protoplanetary discs. The CO molecule has a dipole structure, and can therefore
not only be excited electronically, but both vibrationally and rotationally. Changes
in the rotational quantum number J and the vibrational quantum number v can
occur simultaneously, leading to ‘ro-vibrational’ emission or absorption.
When dealing with vibrations, a rough analogy to a stringed musical instrument
(such as a guitar) can be drawn. A ‘fundamental’ oscillation occurs when the
string vibrates with the only stationary points, or nodes, being the two end points
of the string. In the case of CO, this fundamental transition is characterised by
changes in the vibrational quantum number being one, e. g. ∆v = 1. A ‘first
overtone’ oscillation occurs when the guitar string has three stationary points, at
the beginning, middle, and end of the string. For CO, this first overtone transition
occurs when ∆v = 2, and can be thought of as a more rapid vibration of the
molecule.
Within these vibrational states, there are many rotational transitions where
the change in rotational quantum number can be plus or minus one, ∆J = ±1.
The P-branch of rotational transitions is associated with ∆J = +1 transitions, and
the R-branch is associated with ∆J = −1 transitions. For values of J ∼ 50, the
energies of the R-branch transitions reach a maximum, and then begin to decrease
for higher values of J . Thus, a ‘pile up’ around the wavelength of the J ∼ 50
transition occurs as the energies begin to decrease. This can be seen in the top
panel of Figure 1.5, where the upper level of each J transition is plotted against
the vacuum wavelength of emission, for the v = 2− 0 vibrational transition.
 
20
40
60
80
ν = 2−0
J u
pp
er
2.293 2.294 2.295 2.296
Wavelength (µm)
0.0
0.2
0.4
0.6
0.8
 
Fl
ux
Figure 1.5: A schematic of the v = 2 − 0 CO bandhead at 2.2935 µm. The
upper panel shows the J transition numbers and their respective wavelengths,
while the lower panel shows the corresponding spectrum produced by CO gas with
a temperature of 4000K, a density of 1023 cm−2 and an intrinsic line width of
5 km s−1.
The resulting emission from an isothermal slab of CO is shown in the lower
panel of Figure 1.5. The pile-up of transitions causes a peak to appear in the
spectrum at 2.2935µm, with further, more separated emission at increasing wave-
lengths. This is the CO first overtone v = 2− 0 ‘bandhead’, showing a distinctive
saw-toothed appearance. Bandheads also occur for the other vibrational transi-
tions.
The CO first overtone bandheads are excited in warm and dense gaseous en-
vironments (T = 2500–5000K, n > 1011 cm−3). They emit in the near-infrared at
approximately 2.3µm, and therefore suffer from less extinction than emission at
optical wavelengths. This makes them ideal probes of the environments of inner cir-
cumstellar discs, where temperatures and densities are high and where extinction
prevents direct observations. Comparison of observations of this emission spec-
trum with models of discs (Carr, 1989; Chandler et al., 1995; Najita et al., 1996;
Wheelwright et al., 2010) has provided useful dynamical information on scales that
are currently unresolvable, making this a particularly powerful technique in the
study of young stellar objects.
1.4 An introduction to this thesis
This thesis contains a study of both modelling and observations of molecules within
circumstellar discs. Chapter 2 presents a model of the chemistry in gravitationally
unstable protoplanetary disc. Such massive discs are thought to exist around
young, Class 0, low mass stars. It is found that the spiral density waves induced
by the unstable disc affect the chemistry in three ways; by desorbing molecules
from dust grains in to the gas phase, by providing extra energy for new reactions
to take place within the gas phase, and by mixing the internal structure of the
disc to provide a rich chemistry near the midplane.
Chapter 3 presents high resolution near-infrared spectra of 20 massive young
stellar objects. The spectra contain CO first overtone bandhead emission, which is
though to occur in the conditions expected from circumstellar discs. The emission
is modelled under the assumption it originates from such a disc, and good fits
are found to all objects. On average, the temperature and density structure of the
discs correspond to being geometrically thin, spread across a wide range of inclina-
tions. The discs are located within the dust sublimation radius, providing strong
evidence that the CO emission originates in small scale gaseous discs, supporting
the scenario in which massive stars form via disc accretion.
Chapter 4 presents medium resolution near-infrared spectra of 5 Herbig Ae &
Be stars. The spectra contain both CO first overtone and Br γ emission - both of
which can be used to determine accretion rates. The strength of the Br γ emission
is measured and an accretion rate for the objects is calculated. The CO emission
is modelled in a similar way to the MYSOs, but using a disc model that constrains
the mass accretion rate. It is found that the spectral resolution of the data is
not sufficient for such fitting to be performed. High resolution archival data of
one of the targets is presented, and it is shown that the disc model is unable to
fit the high resolution data. It is concluded that high resolution data are needed
to properly model the CO emission, and that the model constraining the mass
accretion rate should be used with caution when fitted to low resolution data.
Finally, the thesis is is summarised in Chapter 5 where possible extensions and

Chapter 2
Chemistry in a gravitationally
unstable protoplanetary disc
2.1 Introduction
The chemical evolution of protoplanetary discs has been widely investigated in
recent years. Observations made with the Plateau de Bure Interferometer (Dutrey
et al., 2007; Henning et al., 2010) and the Submillimeter Array (Qi et al., 2008)
have provided images of protoplanetary discs in an increasing variety of molecular
line emissions. The field was advanced further by the completion of the Submillime-
ter Array Disc Imaging Survey (O¨berg et al., 2010, 2011). It will be revolutionised
through the use of the Atacama Large Millimetre/submillimetre Array (ALMA),
which will allow much weaker lines to be investigated, and thus will enable the
characterisation of a more diverse range of processes (Guilloteau & Dutrey, 2008;
Semenov et al., 2008).
Many authors (e.g., Aikawa et al., 1996, 1999, 2002; Bergin et al., 2003; Fogel
et al., 2011; Gorti & Hollenbach, 2004; Heinzeller et al., 2011; Ilgner et al., 2004;
Markwick et al., 2002; Nomura & Millar, 2005; Nomura et al., 2009; Walsh et al.,
2010; Willacy, 2007; Willacy et al., 2006; Woitke et al., 2009b) have used physical
disc models, together with chemical evolution networks to present computational
results for the chemical composition of protoplanetary discs with varying degrees of
sophistication in terms of how the physical parameters of the disc were presented,
most importantly the temperature and density.
The most simple studies of the chemistry are single point models, in which a
single temperature Ti and density ρi specify the disc properties. In more sophisti-
cated models, the variations of temperature T (r) and density ρ(r) are continuous
functions of radius, and the disc is assumed to be infinitely thin in the vertical
direction (see Willacy et al., 1998). In even more advanced models, the radial
and vertical variations within the disc are decoupled, and the vertical variations
of temperature and density are given at discrete radial points, T (ri, z) and ρ(ri, z)
(see Aikawa et al., 1999; Ilgner et al., 2004; Markwick et al., 2002). More re-
cently, models have considered the full two-dimensional variation of temperature
and density within the disc, T (r, z) and ρ(r, z), under the assumption that the disc
is axisymmetric (see Walsh et al., 2010).
These models have had much success in reproducing the chemical conditions
in circumstellar discs typical of Class I type YSOs or T Tauri systems. However,
in the earliest stages of Class 0 YSOs, when accretion rates are high, discs may
become massive enough to trigger gas-phase gravitational instabilities (GIs, see
Boley, 2009; Vorobyov & Basu, 2005, 2006, 2009). The stability of a disc to
gravitational instabilities can be quantified by the Toomre Q parameter, Q ≡ csκ
πGΣ
(Toomre, 1964). A thin disc becomes gravitationally unstable when the material
becomes dense enough to overcome the support against gravity, i.e. when Q < 1.
A disc with non-negligible vertical extent becomes unstable when Q . 1.5 (Durisen
et al., 2007).
Discs that are gravitationally unstable produce dynamic, non-axisymmetric
structure in the form of spiral waves. These spiral waves cause shocks and discon-
tinuities in the temperature and density of the gas (see Durisen et al., 2007, for a
review). Under some conditions, the spiral structure will create bound fragments
(Boley & Durisen, 2010; Boley et al., 2010; Boss, 2001; Mayer et al., 2004, 2007;
Stamatellos et al., 2007; Vorobyov & Basu, 2010), and therefore this mechanism
may offer a route toward planet or stellar companion formation. However, the
conditions under which disc fragmentation occurs are still under debate (see, e.g.,
Boss, 2007; Cai et al., 2010; Lodato & Clarke, 2011; Meru & Bate, 2011; Podolak
et al., 2011).
In a disc that does not fragment, the gravitational torques caused by this spiral
structure lead to significant mass transport (Boley et al., 2006, 2007a; Cossins
et al., 2009; Gammie, 2001; Lodato & Rice, 2004; Mej´ıa et al., 2005; Michael
et al., 2011). This mass transport may have implications for disc driven outbursts,
and recently successful models for FU Orionis outbursts have been developed for
the assumption that GIs dominate mass transport beyond disc radii of a few au in
non-fragmenting discs (Armitage et al., 2001; Zhu et al., 2009, 2010b). Simulations
(Zhu et al., 2010a) including layered accretion in the Dead Zone (Gammie, 1996) as
well as transport by GIs show that, when discs accrete from rapidly rotating cloud
cores, disc masses can become comparable to those of their central stars. Simple
models for disc evolution overlook the episodic heating induced by GI spiral shocks
in massive discs (Boley & Durisen, 2008).
In this chapter, we present results from a chemical model of a relatively massive
(0.39M⊙), young protoplanetary disc in which gravitational instabilities cause the
formation of spiral waves. Section 2.2 outlines the physical model and chemical
network we have utilised, and the assumed initial conditions used. Section 2.3
contains results for the time-dependent fractional abundances within an individual
fluid element and column density maps of the entire disc for different species in
the chemical network. A comparison of results from this model with those of other
models of disc chemistry are also given. Finally, Section 2.4 presents conclusions
based on the results and comments on further avenues of research.
2.2 Methods
2.2.1 The physical disc model
A hydrodynamic simulation of a massive (0.39M⊙) protoplanetary disc around a
solar mass star is used as the basis for the physical input to the chemical network.
Most of the mass in the disc initially extends from a radial distance r ∼ 7 to 50 au
from the central, solar-mass protostar. The system represents a Class 0 or early
Class I object, which would likely evolve into an F-type main sequence star. The
disc is modelled using chymera (Boley, 2007, 2009), which is briefly described
here. The equations of hydrodynamics with self-gravity are solved on a fixed,
cylindrical Eulerian grid. The simulation is split into 256, 128 and 64 zones in r,
φ and z, respectively, with a physical resolution of ∆r = ∆z = 0.25 au. Mirror
symmetry about the midplane of the disc is assumed. All grid boundaries have
outflow conditions which allow mass to leave the global disc simulation, where the
inner boundary is set to approximately 4 au, but no mass enters from outside the
disc. The central star is allowed to move freely, and the equation of motion for it is
integrated as described in Boley (2009). The equation of state described in Boley
et al. (2007b) is used, with a fixed ortho-to-para ratio of hydrogen molecules of 3:1.
The fractional mass abundances of hydrogen, helium and more massive elements
are set to X = 0.73, Y = 0.25, and Z = 0.02, respectively. However, these
quantities are only relevant for the evolution of the physical model. Because the
hydrogen is almost entirely in molecular form, the mean molecular weight is taken
as 2.33 amu. To account for external heating, the incident stellar radiation field
on the disc is assumed to have a black body spectrum with a temperature varying
as
Tirr = 140
( r
au
)−0.5
+ 10K (2.1)
and radiative cooling of the gas is accounted for using the approximation described
in Boley (2009), which ensures numerical stability when the gas temperature is far
from the incident irradiation temperature.
The initial disc model is prepared using the method described in Boley &
Durisen (2008). An analytic disc model is first created, with Q ∼ 1 throughout
most of the disc. The spiral instability sets in around Q ∼ 1.7 (Durisen et al.,
2007), so the initial model represents conditions before a strong burst of gravita-
tional instabilities, as might be expected during the earliest stages of disc evolution.
A flat Q profile with the irradiation law noted above requires the surface density
to roughly follow Σ ∝ r−1.75. This initial configuration is assumed to undergo Ke-
plerian rotation and have an adiabatic index of 5/3. These assumptions about the
Figure 2.1: Column density of nuclei in the disc, viewed from above, at the end
of the simulation where t = 388 years.
initial rotation and value of the adiabatic index can lead to large radial oscillations
at the start of the simulation due to the associated deviations from equilibrium.
To avoid some of this behaviour, the analytic model in chymera is evolved at low
azimuthal resolution (8 zones) for 500 yr, which is about two orbital periods near
r ∼ 45 au. The disc is then loaded on to a higher resolution grid, and a 5% cell-to-
cell random noise is added to the density distribution, which seeds the growth of
non-axisymmetric structure. This is considered to be the time t = 0 in the initial
disc. The disc is then run at higher azimuthal resolution for an additional 388 yr.
Figure 2.1 shows the column density of nuclei for the disc viewed from above at
the end of the simulation.
At the start of the full simulation (t = 0), 1000 fluid elements are randomly dis-
tributed throughout the disc, weighted by mass. These fluid elements are evolved
along with the main simulation, and their physical histories are recorded using a
spline interpolation (Boley & Durisen, 2008). By the end of the simulation, 5 fluid
elements were lost through grid boundaries, leaving 995 elements with complete
thermal histories. 963 of these were used to study the chemical evolution in the
disc. Results for the 32 remaining fluid elements were not used to generate chemi-
cal results because discontinuities in the physical conditions created difficulties for
the integration of the chemical rate equations. The 32 elements were randomly
distributed in the disc at the end of the simulation, and had not passed through
shocks near the end of the dynamical calculation, so their influence on the chemical
results was negligible. Figure 2.2 shows the distribution of the final locations of
the fluid elements used in the chemical modelling.
Figure 2.3 shows the maximum line-of-sight temperature Tmax and the mass-
averaged temperature,
Tn =
∫
nT dz∫
n dz
, (2.2)
along the line-of-sight for a face-on view of the final disc. Here n is the number
density of nuclei (see Equation 2.3), T is the temperature and dz is an infinitesimal
path length along the line-of-sight. The maximum and mass-weighted line-of-sight
temperatures were calculated from the full hydrodynamic model results, rather
than from the properties of the fluid elements used in the chemical calculations,
because the full hydrodynamic model results provide higher spatial resolution.
The spiral structure is clearly seen in the maximum line-of-sight temperature
map. The structure is also seen in the mass-averaged temperature map, but is
somewhat less sharply defined. The difference in the maps is due to the high
Figure 2.2: The final location of the fluid elements used to sample the disc, at
t = 388 yr.
temperature region being somewhat, but not highly, limited in extent. It lies near
the midplane and contains only a fraction of the disc mass.
Figure 2.4 shows results, taken from the complete hydrodynamical data, for
the temperature and number density of nuclei in planes containing the rotation
axis and either the North-South axis (y) or the East-West axis (x) from Figure
2.2. The temperature is less than 150K outside the inner 20 au of the disc, while
within it, the temperature can reach up to 350K. The number density plot shows
that the highest density gas lies in the spiral structures at approximately 10 au
Figure 2.3: Maximum line of sight temperature (top) and mass averaged tem-
perature (bottom) of the disc at t = 388 yr.
from the centre.
The temperature and density histories of the fluid elements shown in Figure
2.2 form the physical input to the chemical model. Figure 2.5 shows the evolution
of the temperature and density of one of the fluid elements. This element begins
at 0.8 au above the midplane, approximately 30 au from the centre of the disc.
It follows a nearly circular path that slowly increases in radius. After one-and-
a-half orbits, or 270 yr, it encounters the first shock. Both shocks do not affect
the circular motion, but instead cause the element to rise to approximately 1.8 au
above the midplane of the disc.
The results for this track provide a useful example, because the fluid element
experiences a relatively quiescent period for 270 yr, before encountering the shocks.
These shocks rapidly raise the temperature to a maximum of 140K and the number
density to 1013 cm−3. The temperature and density appear to peak at the same
time and drop together. This is due to the increase in the pressure caused by a
shock driving an expansion of gas parallel to the shock and obliquely to the mid-
plane of the disc that begins almost immediately behind the shock (see Boley &
Durisen, 2008).
2.2.2 The chemical model
The chemical computation is based on a network of rate equations involving 1334
reactions and 125 species containing the elements H, He, C, O, N, Na and S. These
reactions were originally selected from a subset of the UMIST Rate 95 database
(Millar et al., 1997b). Data from the Kinetic Database For Astrochemistry, KIDA1
(Wakelam et al., 2012), were used to update some of the rates and rate coefficients.
1http://kida.obs.u-bordeaux1.fr
Figure 2.4: Slices of the disc interior showing number densities and temperatures
at t = 388 yr. The x-axis here corresponds to a slice along the x-axis of Figure 2.1
where y = 0, and vice versa.
Figure 2.5: Temperature and number density history of a fluid element from the
disc. This particular element encounters a shock at about 270 and 350 yr.
The network was expanded to include thermal desorption processes and some
three-body reactions (discussed in detail below).
At each time-step in the chemical network (which differ from the time-steps
considered in the physical model), the temperature and mass density of each fluid
element are derived with cubic spline fits to the data provided for the element
from the physical history. These interpolated values of the temperature and mass
density are then used in the time-integration of the rate equations. The number
density of nuclei, n, is calculated from the mass density, ρ, by
n =
NA
M
ρ = nH + nHe + nZ, (2.3)
where nH, nHe and nZ are the number densities of hydrogen, helium and more
massive nuclei, respectively. We have assumed a molar mass ofM = 1.28 g mol−1,
which is appropriate for a relative abundance of helium-to-hydrogen of 0.09 with
trace amounts of more massive elements.
Initially, the chemical rate equations were integrated using the gear integra-
tion method. However, this was unable to cope with the rapid changes in temper-
ature and density experienced by some of the fluid elements. The program was
rewritten to use the dvode integration method (see Brown et al., 1989) to obtain
the fractional abundance, X(i) = n(i)/n, of each species.
The rate equation for the gas-phase fractional abundance of the ith species is
d
dt
X(i) =
∑
j,l,m
k(j)X(l)X(m)n−
∑
j′,m
k(j′)X(i)X(m)n (2.4)
−2
∑
j′′
k(j′′)X(i)2n− Γcr(i)X(i) + S3(i) + Sa,d(i),
where k(j) is the rate coefficient of the jth reaction and the summations are
restricted so that only reactions involved in the formation or removal of the ith
species are included. Γcr(i) is the rate at which direct cosmic-ray ionisation and
cosmic-ray-induced photoemission remove species i. S3(i) and Sa,d(i) are source
terms due to three-body reactions and adsorption on to and desorption from grain
surfaces, respectively. We assume that the only third body of importance is H2,
an assumption which introduces only an insignificant error. Thus,
S3(i) =
∑
j,l,m
k(j)X(l)X(m)X(H2)n
2 (2.5)
−
∑
j′,m
k(j′)X(i)X(m)X(H2)n
2
−2
∑
j′′
k(j′′)X(i)2X(H2)n
2.
Rate coefficients and rates
A brief summary of the forms of the gas phase rate coefficients and rates that
were adopted is presented here. More detail can be found in the primary paper
on the UMIST Rate 95 database (Millar et al., 1997b). The reaction rates and
coefficients that we use are provided online1.
The rate coefficient for the jth two- or three-body reaction is of the standard
Arrhenius form
k(j) = α(j)
(
T
300
)β(j)
exp
(
−γ(j)
T
)
, (2.6)
where α(j) is the room temperature rate coefficient of the reaction (at 300K), β(j)
describes the temperature dependence and γ(j) quantifies the activation energy of
the reaction.
The rate for the destruction of species i due to cosmic rays is given by
Γcr(i) = a(i)ζ +
ζP (i)
1− A
, (2.7)
where a(i) is a proportionality constant, ζ = 10−17 s−1 is the cosmic ray ionisation
rate, P (i) is a constant and A is the dust grain albedo, which we take to be 0.5.
Because the two terms on the right represent the physically distinct processes of
direct cosmic ray induced ionisation and of destruction due to photoemission in-
duced by the collisions of molecular hydrogen with energetic electrons produced by
the ionisation, data tables give a(i) and P (i) separately. Though photoabsorption
of radiation from external sources will affect the chemistry in the outer layers of a
disc, we focus on the bulk of the disc material and assume that it is well shielded
1http://www.ast.leeds.ac.uk/~pyjdi/chemdisc/network.txt
from external sources of photons, as would be the case in an embedded Class 0
YSO. Thus, we neglect photoabsorption, other than that of cosmic-ray-induced
photoemission.
Gas-grain reactions
With minor exceptions, we assume that no surface chemistry occurs, though we
recognise that surface chemistry is important in establishing the chemical initial
conditions that we adopt. The exceptions concern the neutralisation of ions, which
we assume occurs when they are adsorbed onto dust grains. While studies of the
chemistry of discs including surface reactions and grain evolution have been per-
formed (Henning et al., 2010; Schreyer et al., 2008; Semenov et al., 2010; Semenov,
2011; Vasyunin et al., 2011), such chemistry remains very uncertain. This is why
we have assumed that the initial abundances reflect those of cometary ices (see
Section 2.2.3).
The term Sa,d(i) has contributions due to adsorption and desorption, and we
take
Sa,d(i) = Sd(i)− Sa(i), (2.8)
where
Sa = πa
2S(i)η
√
8kT
πµmH
X(i)n. (2.9)
The sticking coefficient S(i) is set to unity, and we take the ratio of the number
density of dust grains to the number density of nuclei to be η = 3.3×10−12, which
is appropriate for a dust grain radius and grain-to-gas mass ratio of about a = 0.1
µm and 0.01, respectively. Tg is the gas temperature, k is the Boltzmann constant,
µ is the molecular mass in amu and mH is the mass of a hydrogen atom.
We treat thermal desorption in the same way as Visser et al. (2009), and
Sd(i) = 1.26× 10
−21σf(i)ν0(i) exp
(
−Eb(i)
k Td
)
, (2.10)
where σ is the surface density of binding sites, which we take to be 1.5×1015 cm−2.
Eb(i) is the binding energy of the ith species on the surface of the dust grain, Td is
the dust temperature (which we assume to be in equilibrium with Tg), the factor
f(i) represents the fraction of the surface of the dust grain covered by the ith
species, given by
f(i) = min
(
1,
Xs(i)
η Nb
)
, (2.11)
where Xs(i) is the solid fractional abundance of the ith species and Nb is the
typical number of binding sites per grain, taken to be 106. The characteristic
vibrational frequency of the species attached to the grain is given by
ν0(i) =
√
2σEb(i)
m(i)π2
, (2.12)
where m(i) is the mass of the ith species (Hasegawa et al., 1992). The binding
energies were taken from Hollenbach et al. (2009), references therein, and the OSU
database1.
2.2.3 Chemical initial conditions
The initial gas phase fractional abundances were assumed to have the same ratios
as the fractional abundances of the corresponding ices in comet Hale-Bopp as given
by Ehrenfreund & Charnley (2000), and they are given in Table 2.1. Comets are
1http://www.physics.ohio-state.edu/~eric/research.html
Table 2.1: Initial fractional abundances used for the chemical network (X(i) =
n(i)/nH).
Species Abundance
He 1.00×10−1
C 3.75×10−4
CO 3.66×10−5
CH4 1.10×10
−6
N 1.15×10−4
NH3 3.30×10
−6
O 6.74×10−4
H2O 1.83×10
−4
Na 3.50×10−5
Species Abundance
H2CO 1.83×10
−6
CO2 3.67×10
−5
HCN 4.59×10−7
HNC 7.34×10−8
S 1.62×10−5
H2S 2.75×10
−6
SO 1.47×10−6
SO2 1.84×10
−7
OCS 3.30×10−6
thought to have undergone significant chemical processing at the edges of discs, so
this assumption may not be entirely appropriate. However, comparisons between
the compositions of cometary ices and interstellar ices imply a general consistency
between the two, though some discrepancies exist (Ehrenfreund & Charnley, 2000;
Ehrenfreund & Schutte, 2000).
2.2.4 Timescales
As mentioned previously, the hydrodynamical simulation following the disc evo-
lution is run at higher resolution for 388 yr. This is far longer than the orbital
period of about 4 yr at the inner boundary and somewhat shorter than the orbital
period of 390 yr at 60 au. Nearly all of the mass is at less than 50 au where the
period is about 300 yr, and the gravitational instability develops fully and leads to
well established spiral structure in about 200 yr. The spiral structure roughly co-
rotates with the material between about 30 and 40 au; the orbital period at 35 au
is 180 yr. The disc is not steady, and the mass infall rate varies with radius and
time from a factor of a few smaller than to a factor of a few larger than 10−4M⊙,
which implies a radial flow time of the order of 104 yr. These timescales are much
longer than the shortest chemical timescales which are associated with adsorption
and desorption; using Equation 2.9, one finds that the adsorption timescale for a
number density of 1013 cm−3 is roughly an hour. The desorption timescale is very
much larger or smaller, depending on the temperature.
The full simulation time of 388 yr is sufficient to allow the spiral shocks to
develop fully. This disc is already exhibiting spiral structure that is typical in GI-
active discs over many orbits. The purpose of the hydrodynamical simulation is to
provide self-consistent shock profiles for the chemical model, which was achieved
in a relatively short period of evolution.
We follow the chemistry of each fluid element through ten cycles of the tem-
perature and number density history associated with it (e.g., the history shown
in Figure 2.5), where in each subsequent cycle, we used the final fractional abun-
dances from the previous cycle as initial input. Of course, this resulted in rapid
variations in the physical conditions as each new cycle began. However, we fol-
lowed the chemical evolution in this way to keep the amount of data produced by
the model at manageable levels. We found that the chemical behaviour for a fluid
element became periodic by the time that the chemistry had gone through ten
cycles. All results presented here are from the final cycle, and we consider that
t = 0 occurs at the beginning of that final cycle.
At the start of each integration, we used a logarithmically increasing time-
step, which was initially 90 s. This allowed initially rapid reactions, such as the
adsorption of species on to grains at the beginning of the first cycle, to be followed
with sufficient resolution. We limited the maximum time-step to approximately
103 s to avoid missing details in rapidly changing shock features.
2.3 Results & Discussion
The chemistry of the entire disc was calculated using the physical histories of the
fluid elements described previously. Here we consider the chemistry in one fluid
element as an illustrative example of the effect of shocks on the chemistry of the
material.
2.3.1 An individual fluid element
Figure 2.6 shows the fractional abundances of 17 species (CO, SO, NH3, H2O, H2S,
OCS, O2, HCO, HCO
+, HNO, SO2, CS, HCS, HCS
+, HCN, HNC and OCN) as
functions of time during the final cycle for the fluid element for which the density
and temperature are given as functions of time in Figure 2.5.
The shocks induce increases in the gas phase fractional abundances of all 17
species. However, the increase in X(CO) is too small to be apparent from the
figure, because nearly all CO is in the gas phase even in the coldest regions of the
disc.
The increases of the fractional abundances of species for which results are
shown in the upper two right hand panels of Figure 2.6 are due almost entirely
to thermal desorption from the surfaces of dust grains. We define Ng(i) to be the
average number of molecules of the ith species on a grain. For each species for
which results are given in those panels, Ng(i)η +X(i) is nearly constant. This is
due to adsorption and desorption being the only processes significantly affecting
Figure 2.6: Fractional abundances of species as functions of time for the fluid
element for which the physical structure is shown in Figure 2.5. The relatively
cold, quiescent period for the first 270 yr shows the abundance of most species
decreasing due to adsorption, or staying constant.
the gas phase fractional abundances of these species, and the fractional abundance
of each of them depends almost entirely on the temperature only.
The fractional abundances of species for which results are shown in the other
panels of Figure 2.6 are affected significantly by gas phase reactions, as well as
desorption and adsorption. The higher temperatures in the shocks allow some
reactions with activation energies and some endothermic reactions to occur at
significant rates. Also species which undergo reactions that are exothermic and
have small or no barriers are desorbed into the gas phase in shocked regions.
HCS is one species having a fractional abundance that is affected by gas phase
reactions. It is formed by the reaction of S and CH2. CS is formed by reactions
of C with SO, and S with CN in almost equal proportions. OCN is formed by the
reaction of CN and O2. HNO forms by the reaction of NH2 and O, and HCO forms
mainly via NH+3 reacting with H2CO. The reaction of O with OH contributes to O2
production throughout much of the disc; O2 is also formed in the shocked regions
by the reactions of He+ with CO2 and SO2.
2.3.2 The disc - face on
A major aim of the work reported here is the identification of the general features
that should appear in images of gravitationally unstable protoplanetary discs ob-
tained in molecular line emissions. Thus, here we present model column density
maps for a number of molecular species.
The final spatial positions of the fluid elements constitute an irregular grid
for which the model fractional abundances are known. The qhull and qgrid3
interpolation routines contained within the IDL 5.5 libraries were used to obtain
the fractional abundances at the points of a three-dimensional regular Cartesian
grid. The mass density at each of those grid points was calculated from the mass
density distribution at the final time given by the full hydrodynamic results. We
used the mass density distribution given by the full fluid results because the grid
for which it was calculated is much more uniform than the grid for which the
chemical results are available. Thus, for regions of low mass density, we were able
to obtain more accurate interpolated results for the mass density than for the
fractional abundances.
The column density N(i, x, y) of the ith species on a line of sight perpendicular
to the disc is
N(i, x, y) =
∫
nX(i, x, y, z) dz. (2.13)
As the model only provides fractional abundances for the z > 0 region of
the disc, we assumed that n and all X(i, x, y, z)s are even functions of z when
performing the integrals. This produced column densities representative of a disc
spanning a full range of z-values, for the assumption of mirror symmetry about
the midplane. Figures 2.7 and 2.8 show the column densities of selected species.
For each species for which results are given in Figure 2.7, Ng(i)η + X(i) is
nearly constant. This is due to adsorption and desorption being the only processes
significantly affecting the gas phase fractional abundances of these species. Thus,
the structure seen in each of these column densities is due to the variations in
temperature and density and is not influenced by gas phase chemistry.
The quantity Ng(i)η + X(i) is not constant for each of the species for which
Figure 2.8 shows a gas phase column density map. Gas phase chemistry signifi-
cantly affects the gas phase fractional abundance of each of these species. We have
Figure 2.7: Gas phase column densities of molecules having gas phase fractional
abundances determined primarily by desorption and adsorption, at t = 388 yr.
Distances from the disc centre are in au.
Figure 2.7: Continued.
already given some explanation for the evolution of most of the species for which
results are displayed in Figure 2.8 in Section 2.3.1. The HCO+ is anti-correlated
with the H2O and other species with which it charge exchanges. HCS
+ is also
removed by charge exchange with H2O, but its distribution differs somewhat from
that of HCO+. This is due to CS being abundant in the gas phase only in regions
in which it is efficiently desorbed and CO being abundant everywhere in the disc.
Reactions of H+3 with CS and CO produce these ions.
Figure 2.8: Column densities in the disc for several gas phase molecules whose
total abundance (gas and surface) varies with time, at t = 388 yr. Distances from
the grid centre are in au.
2.3.3 The disc - other perspectives
Figure 2.9 shows the column densities of selected species in the disc as viewed
along the y-axis, toward y = 0, in Figure 2.1. Most of the edge-on maps show
little structure (as with CO and H2O), though some, such as the H2CO and SO
maps, show slightly higher column densities on the right side due to the presence
of a large spiral arm in the disc.
Figure 2.10 shows slices of the fractional abundances in the interior of the disc
Figure 2.8: Continued.
for HCN and H2CO. The spatial resolution of these maps are lower than the others
presented because they have not been combined with the higher resolution physical
data from the full simulation. Nevertheless, these slices of the disc interior clearly
show that there is a large degree of homogeneity in the fractional abundances of
species throughout the disc.
2.3.4 The effect of three-body reactions
The chemistry in each of several fluid elements was calculated both with the three-
body reactions included and with them excluded. These three-body reactions
Figure 2.9: Column densities of the disc as viewed along the y-axis of Figure 2.1,
towards y = 0, at t = 388 yr.
Figure 2.10: Slices of the fractional abundance of disc interior, oriented as in
Figure 2.4, interpolated from the positions of the fluid elements at t = 388 yr.
occur primarily at high densities, and as expected, the largest differences occur
in the denser inner regions of the disc and spiral arms, where n > 5 × 1026 cm−2.
However, even there the effects were insignificant for all species except some with
low fractional abundances (X(i) < 10−10).
A reduction of the fractional abundance of O2 in one element from approxi-
mately 10−14 to 10−21 in a shocked region and an enhancement in the fractional
abundance of NH from approximately 10−17 to 10−14 were amongst the most pro-
nounced effects of including the three-body reactions. Species with fractional
abundances higher than approximately 10−10 were not noticeably affected by the
addition of the three-body reactions. All results that are presented were obtained
with the three-body reactions included.
2.3.5 Comparison with other models
The three-dimensional nature of our chemical model and the qualitatively dif-
ferent dynamics of the disc make a direct comparison of our results with the
previously existing chemical results for axisymmetric models of lower mass discs
difficult. However, we give a rough comparison between the maximum fractional
abundances of species given by our model and some obtained by others who have
investigated chemistry for disc models. The results taken from the other papers
are somewhat inaccurate because they were obtained through the examination of
figures from which precise information was hard to infer. Table 2.2 shows the
maximum fractional abundances recorded at the end of our simulation and the
corresponding values from Walsh et al. (2010) and Ilgner et al. (2004) (hereafter
W2010 and I2004 respectively).
Table 2.2: Maximum abundances reported in this work, W2010 and I2004. A
dash signifies no data for that species were available in the original paper.
Species Maximum logX(i)
This work W2010 I2004
HCO+ -10.8 -6 -14
HCN -6.4 -6.5 -
CN -7.8 -7.5 -
CS -8.0 -8 -10
C2H -10.5 -7 -
H2CO -5.7 -9 -
N2H
+ -19.6 -11 -
H2O -3.7 -4 -
CO2 -4.5 -4.5 -
OH -12.8 -4 -14
S -9.9 - -15
SO -5.8 - -10
SO2 -6.5 - -7
HCS+ -12.5 - -21
NH3 -5.5 - -5
Our results are comparable to those of the other models for NH3, SO2, H2O,
CO2, CN and HCN. We obtain a higher fractional abundance of HCO
+ than I2004,
but less than reported in W2010. Our fractional abundances of C2H and N2H
+
are lower than those of W2010. However, we report a much higher fractional
abundance of H2CO.
Some of the discrepancies between the results of W2010 and I2004 arise because
W2010 considered a much more extensive fraction of the disc than I2004, who
studied only the material at radii less than 10 au. We studied material at radii
between 10 and 60 au, where spiral structure and shocks are important in our
dynamical model. Thus, in further discussion of the differences between our results
and those of others, we focus on a comparison of our results and those of W2010.
Some of these differences are due to the assumptions that we made concerning
the initial chemical conditions. As mentioned earlier, in our model a number
of species have gas phase abundances that depend only on the assumed initial
conditions and the balance between desorption and absorption. H2CO in particular
is such a species. So its high abundance in our model compared to that found by
W2010 is due to our assumption of a higher H2CO abundance and neglect of species
as massive as CH3OH. Similarly, our assumption that no nitrogen is initially in N2
leads to a lower abundance of N2H
+ than found in W2010.
The high values of the HCO+ and C2H given for W2010 occur in regions with
densities that are about four orders of magnitude lower than any that we consider.
The chemistry in these low density regions is affected by the diffusion that W2010
assume to occur, but which we do not consider. The mid-plane value obtained by
W2010 for the fractional abundance of HCO+ for radii of 10 to 60 au is comparable
to the maximum value that we report for it; this is to be expected because in
both models most of the CO is in the gas phase, and HCO+ is formed by a simple
ionisation triggered reaction sequence. The mid-plane value obtained by W2010 for
the fractional abundance of C2H for radii of 10 to 60 au is less than the maximum
value that we report for it; this is due to the desorption, caused by shock induced
heating, occurring near the mid-plane in our models.
The slices of the disc interior in our model can be qualitatively compared to
axisymmetric models, such as those in W2010. Figure 2.11 shows this comparison
for the fractional abundances of H2CO. The region from 0-60 au in the W2010
plot corresponds to the extent of our disc. It can be seen that the stratification in
Figure 2.11: Comparison of slices of the disc interior showing fractional abun-
dances of H2CO in this work (top) and W2010 (bottom). Taken from Walsh et al.
(2010).
W2010 is not present in our model, due to the mixing caused by the spiral shocks.
Similar results were found for the other chemical species that were included in both
models. However, our work cannot be directly compared to these axisymmetric
models, because they are meant to represent a later stage of disc evolution in which
the assumption of this symmetry in entirely appropriate. Rather, consideration
of the chemical processing occurring in discs such as the one presented here could
be used as the input to such models, to properly address the processing possibly
occurring in young discs.
2.4 Conclusions & Future Work
We have constructed a chemical model of a 0.39M⊙ protoplanetary disc, surround-
ing a solar-mass star, representative of a Class 0 or early Class I young stellar
object. In the disc, gravitational instabilities cause spiral waves. The shocks asso-
ciated with these waves induce the desorption of various chemical species from the
surface of dust grains and increase their gas phase abundances. Though the gas
phase fractional abundances of some of the species are not significantly affected
by gas phase chemistry, some of the desorbed species are reactive. In some cases,
the elevated temperatures in the shocked regions enhance the reactivity.
As most of the mass is concentrated in spiral structures, all of the gas phase
molecular column densities show spiral structures. However, the structures are
limited in extent in some species, e.g. H2O, which possess the highest binding
energies to grains, therefore higher temperatures are needed for desorption to
occur. This also limits the extent of structure in species which form in the gas
phase from these tightly bound species. Consequently, maps of the emissions of
a number of species will reveal where shocks of differing strengths are and, thus,
serve as diagnostics of the disc dynamics.
We find that three-body reactions have little effect on the chemistry of species
with fractional abundances above 10−10. Though they are most important in the
hotter, densest regions of the disc, they do not alter the overall chemistry of the
disc significantly.
A direct comparison of our results with those of other models is not straight-
forward, due largely to the very different nature of the disc dynamics that we have
used. Some differences between the peak gas phase fractional abundances that we
obtained and those reported in other papers are due to the assumptions that we
have made about chemical initial conditions. However, the major differences in the
chemistry away from the outer boundaries of the disc arise from the fact that some
other modellers assume diffusion plays an important role in enhancing the richness
of the chemistry in the disc interior (e.g. Heinzeller et al., 2011; Ilgner et al., 2004);
in many of these models, the chemistry at the midplane is not very rich over a very
large fraction of the disc. In contrast, our model gives rise to substantial gas phase
abundances near the midplane, even though we have not assumed that efficient
microscopic mixing is a consequence of large-scale turbulence. Though inclusion
of such mixing would be difficult in an approach in which individual fluid elements
are followed, we have not neglected that type of mixing for that reason. Rather,
we have chosen to focus on how gravitational instability generates shocks whose
mixing of the disc material induces a rich gas phase chemical composition in the
disc interior, even near the midplane.
ALMA will revolutionise observational studies of discs. For example, if used to
observe a disc in the Taurus-Auriga cloud complex, ALMA, with its 5milliarcsec
resolution, will allow the mapping of features on scales of about 1 au, which is
smaller than the widths of the prominent spiral structures of our model. The
chemical results presented here are being used in the construction of radiative
transfer models (Douglas et al., 2013), to assess the observability of these structures
using the molecular emission of various species. This will allow investigation of the
different physical regimes, and will determine whether this spiral structure does
indeed exist within massive, young protoplanetary discs.

Chapter 3
CO bandhead emission of massive
young stellar objects
3.1 Introduction
Confirming the presence of discs around MYSOs presents a considerable observa-
tional challenge. Such objects are relatively rare, and still embedded in molecular
cloud material, making them optically invisible and highly extincted. There have
been a handful of detections of discs around MYSOs (see Carrasco-Gonza´lez et al.,
2012; Jime´nez-Serra et al., 2007; Kraus et al., 2010; Patel et al., 2005) but the disc
properties are difficult to determine. Observations at longer wavelengths (such as
the far infrared and submillimetre) only probe disc properties at large distances
from the central protostar. Furthermore, very few studies can be conducted with
sufficient angular resolution to probe astronomical unit sized scales, which is nec-
essary to study the inner regions of circumstellar discs. The exception is the
observation of the MYSO G310.0135+00.3892 with the Very Large Telescope In-
terferometer (VLTI) and AMBER (Petrov et al., 2007) reported by Kraus et al.
(2010), which achieved a maximum resolution of approximately 10 au. This pro-
vided unique information on the geometry of the K−band continuum emitting
material. However, this study involved only a single object. Therefore, observa-
tions of a large sample of MYSOs using an alternative method that can probe close
to the central protostar are required.
The inner regions of gaseous discs are difficult to access observationally, espe-
cially as near infrared (NIR) interferometric studies are limited to isolated objects
which are bright in the near-infrared (Tatulli et al., 2008; Wheelwright et al.,
2012b). Therefore, to study the inner discs of MYSOs, we must employ indirect
methods. The CO molecule is an ideal tracer of these regions because the coupled
rotational and vibrational excitation causes a distinctive emission feature, the CO
bandhead, so called because they appear in bands in low-resolution spectra. The
first overtone v = 2–0 bandhead emission at 2.3µmoccurs in warm (T = 2500–
5000K) and dense (n > 1011 cm−3) gas. These are the conditions expected in the
inner regions of accretion discs. This makes CO bandhead emission a valuable tool
that allows us to trace these regions. In addition, because this feature is the result
of transitions across a range of energy levels (and therefore, temperatures), it also
allows us to probe the physical properties throughout the disc. Previous studies
of CO bandhead emission have been successful in fitting spectra of young stars
with a range of masses under the assumption that the emission originates from
a circumstellar disc (Bik & Thi, 2004; Blum et al., 2004; Carr, 1989; Chandler
et al., 1995; Davies et al., 2010; Wheelwright et al., 2010), but a study involving
a significant number of MYSOs has yet to be performed.
In this chapter we study a subset of the RMS database1. An extensive low
1http://www.ast.leeds.ac.uk/RMS/
resolution spectroscopic survey of RMS sources (see, e.g. Clarke, A. J., 2007;
Cooper et al., 2013) was used to select objects for a high resolution spectroscopic
study of CO bandhead emission in massive young stellar objects. We detect CO
emission in 20 MYSOs (and two non-MYSOs), which is compared to kinematic
models to assess whether the emission originates in circumstellar discs. Finally,
we attempt to determine the properties of the CO emitting gas and constrain the
accretion rates of these objects. Section 3.2.1 details the modelling of the CO
emission, while Section 3.3 outlines the observations that were performed. Section
3.5 presents the observations and model fits to the spectra, along with an analysis
of the best fitting parameters. Section 3.6 discusses the findings and Section 3.9
presents conclusions from this work.
3.2 Models
3.2.1 The CO emission model
The model of CO first overtone bandhead emission is the same as that for Wheel-
wright et al. (2010), which was based on the work of Kraus et al. (2000) and is
described here. For an isothermal slab of CO gas with excitation temperature T
and number density nco, the energy levels of the CO molecule are calculated from
E(v, J) = hc
∑
k,l
Yk,l
(
v +
1
2
)k (
J2 + J
)l
, (3.1)
where Yk,l represents the Dunham coefficients which were taken from Farrenq et al.
(1991). The population of rotational levels, up to J = 100, for the v = 2 − 0
vibrational transition is determined assuming local thermodynamic equilibrium
and using the Boltzmann distribution,
n(v, J) =
nco
Z
(2J + 1) exp
(
−
E(v, J)
kT
)
, (3.2)
where Z is the partition function, calculated from
Z =
∑
v
exp
(
−
E(v)
kT
)∑
J
(2J + 1) exp
(
−
E(J)
kT
)
, (3.3)
and following the prescription of Berthoud (2008) we take a maximum of v = 15
and J = 110.
Once the level populations are calculated, they are used with the transition
probabilities of the respective lines to determine the resulting absorption coeffi-
cients via
Kν =
c2nvJAvJ,v′J ′
8πν2
(
(2J + 1)nv′J ′
(2J ′ + 1)nvJ
− 1
)
Φ(ν), (3.4)
where v, J and v′, J ′ are the upper and lower levels of a transition, respectively,
Φ(ν) represents the intrinsic line profile (which we take to be Gaussian), and
AvJ,v′J ′ is the Einstein coefficient of the transition, taken from Chandra (1996).
The absorption co-efficient is assumed to be constant along the line of sight, and
thus the optical depth is taken to be
τν = KνNCO, (3.5)
where NCO is the column density of CO. The intensity of the individual lines at
the surface of the isothermal slab of CO gas is therefore
Iν = Bν(T )(1− e
−τν ), (3.6)
where Bν(T ) is the Planck blackbody function.
Figure 3.1 shows the effect of changing various physical quantities of the CO
slab on the resulting spectrum. The upper panel shows the effect of decreasing
the excitation temperature of the gas. At T = 5000K, the emission is dominated
by the bandhead peak, but as the temperature is lowered, the relative strength
of the longer wavelength emission increases, because less energy is available to
excite the higher-energy transitions near bandhead peak. The middle panel shows
the effect of decreasing the surface density of the slab, and the lower panel shows
the effect of increasing the intrinsic linewidth ∆ν of the line profile Φ(ν), which
shows the longer wavelength transitions blending into one another for high values
of linewidth, masking the two-component signature seen in the spectra with lower
∆ν.
3.2.2 A disc of CO
To create a synthetic spectrum of CO emission within a disc, we assume a physical
model (which is discussed in detail in Section 3.2.3) and split the disc region into
75 radial rings, each with 75 azimuthal cells. Each cell is assigned a temperature
and surface density from the physical model. We assume the disc rotates in a
Keplerian manner, and the velocity of each cell to the line-of-sight is determined
assuming the disc is at an inclination i to the vertical. The emission from each
cell is calculated using the method in Section 3.2.1, then weighted by the solid
angle subtended by the cell on the sky, and wavelength shifted with respect to the
line-of-sight velocity due to the rotational velocity of the disc. The emission from
all cells is then summed together to produce the entire CO bandhead profile for
the disc. Figure 3.2 shows CO first overtone spectra produced by various discs
Temperature
2.294 2.296 2.298 2.300
Wavelength (µm)
0.0
0.2
0.4
0.6
0.8
1.0
N
or
m
al
is
ed
 F
lu
x
N
or
m
al
is
ed
 F
lu
x
5000 K
4000 K
3000 K
2000 K
Surface Density
2.294 2.296 2.298 2.300
Wavelength (µm)
0.0
0.2
0.4
0.6
0.8
1.0
N
or
m
al
is
ed
 F
lu
x
N
or
m
al
is
ed
 F
lu
x
1024 cm−2
1023 cm−2
1022 cm−2
1021 cm−2
Linewidth
2.294 2.296 2.298 2.300
Wavelength (µm)
0.0
0.2
0.4
0.6
0.8
1.0
N
or
m
al
is
ed
 F
lu
x
N
or
m
al
is
ed
 F
lu
x
5 km s−1
10 km s−1
15 km s−1
20 km s−1
Figure 3.1: Spectra produced by a slab of CO in which the excitation temperature
(upper), surface density (middle) and intrinsic linewidth (bottom) are changed
while the other quantities are kept constant. The flux in each panel is normalised
to the highest point of the strongest spectrum.
with identical temperature and density structure, but whose physical parameters
are varied. The upper panel of Figure 3.2 shows a disc in which the inclination
to the line of sight is changed. As the disc is moved from a low inclination (face-
on), to a high inclination (edge-on), the rotation of the material within the disc
begins to affect the spectrum. Rotational lines that were clearly distinguished
at low inclinations become merged with neighbouring lines. This is because each
transition now has a double peaked line profile due to the motion of the material in
the disc. The peak of the bandhead widens, and a so-called ‘blue-shoulder’ on the
short wavelength side of the bandhead peak appears, due to blue-shifted emission
lines around the J = 50 transition.
3.2.3 The physical disc structure
There are several ways in which the physical parameters within the disc can
be modelled. For example, Bik & Thi (2004) assume a simple isothermal disc,
Berthoud et al. (2007) assume the surface density and temperature of the disc
decrease as power laws. Carr (1989) and Chandler et al. (1995) determine the
temperature and density structure by balancing the heating and cooling mech-
anisms at work on the surface of a thin α-disc (see Shakura & Sunyaev, 1973)
which is isothermal in the vertical direction. The use of three different approaches
to modelling the temperature and density structure of the disc have been investi-
gated. Here, their differences are discussed.
Model A
The first model, model A, is purely analytic in nature (as in Berthoud et al., 2007)
and describes the excitation temperature and surface number density as decreasing
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Figure 3.2: Spectra produced by discs of CO who possess identical temperature
and density structures, but whose inclination (top panel) and intrinsic linewidth
(bottom) panel are altered.
power laws,
T (r) = Ti
(
r
Ri
)p
(3.7)
N(r) = Ni
(
r
Ri
)q
, (3.8)
where Ti and Ni are the excitation temperature and surface density at the inner
edge of the disc Ri, and p and q are the exponents describing the temperature
and surface density gradient, respectively. The optical depth, τ , is taken to be
the product of the absorption coefficient per CO molecule, and the CO column
density. Since we are considering a geometrically thin disc, the column density is
given by the surface number density N .
Model B
Our second model, model B, is based on balancing the heating and cooling de-
scriptions of a disc as in Carr (1989), later updated by Chandler et al. (1995).
The disc is assumed to be dominated by stellar heating, with a contribution from
heating via viscosity, and thus the temperature considered is the surface temper-
ature of the disc. The disc is assumed to be steady state, and thus has a constant
accretion rate throughout. The disc is under local thermodynamic equilibrium. Fi-
nally, the disc is isothermal in the vertical direction, and is heated via absorption
of the stellar radiation field and the conversion of gravitational potential energy
into thermal energy via viscosity. The viscosity within the disc is described by
the alpha prescription (Shakura & Sunyaev, 1973). The mass accretion rate of
MYSOs is expected to be high (up to 10−3M⊙ yr
−1) and the discs are likely tur-
bulent, therefore we adopt a value of α = 1.0, corresponding to a highly viscous
disc environment. The heating via viscosity is calculated by
Qacc =
3GM⋆M˙
8π
(
1−
√
R⋆
r
)
r−3 (3.9)
The heating by absorption of stellar radiation is
Fabs =
σT 4eff
π
(
φ−
sin 2φ
2
)(
1− exp
−τ(r)
sinφ
)
(3.10)
where 2φ = sin−1(R⋆/r) is the angle subtended by the star at radius r. Cooling
due to radiation from the disc is
Qrad = σT (r)
4(1− e−τ(r)). (3.11)
To obtain the excitation temperature at a certain radius within the disc, we
require that the heating and cooling rates are balanced, thus
Qacc + Fabs = Qrad. (3.12)
This condition is iterated through with increasing temperatures until fulfilled,
and the temperature is then set to that value. This is repeated throughout the
disc. The surface number density is then calculated as
N =
M˙µmH
6παkTeff
√
GM⋆
(
1−
√
R⋆
r
)
r−
3
2 (3.13)
Model C
Our third model, model C, is again based on balancing the heating and cooling
mechanisms of a disc, but as described in Vaidya et al. (2009). In this disc, the
heating via viscosity is assumed to dominate the temperature structure, and as
such the temperature here can be considered the midplane temperature of the disc.
The disc is steady state and we again adopt α = 1.0.
To determine the midplane temperature, we assume that the heating due to
viscosity is as in Equation 3.9, and that the energy radiated by the disc is
Qrad =
16σ
3κN
T 4. (3.14)
We balance the heating and cooling as before by requiring that Qrad = Qacc, which
provides the temperature at a specific radius within the disc via iteration. The
heating due to irradiation from the star is not included in this iteration because
we are considering the midplane temperature of the disc, but is instead added
to the temperature reported from this convergence, yielding the final excitation
temperature. The number density is again determined using Equation 3.13.
In both model B and C, the mass accretion rate directly sets the temperature
structure throughout the disc. The inner edge of the emission region is set to
the radius at which the temperature reaches 5000K (where we assume CO is
destroyed), and the outer edge of the disc is set to where the temperature drops
below 1000K (where we assume CO is no longer sufficiently ro-vibrationally excited
to be detected). The optical depth is taken to be τ = κρH where H is the scale
height of the disc, and κ is the opacity taken from Ferguson et al. (2005).
3.3 Observations and sample selection
Table 3.1 presents the observational parameters of the 20 MYSO, and two non-
MYSO targets in our study that possessed CO emission. The data were taken
using the CRIRES near–infrared cryogenic spectrograph (Kaeufl et al., 2004) on
the Very Large Telescope (VLT) over three nights in June 2007. A spectral resolu-
tion of R ∼ 30 000 was achieved (∆λ = 0.08 nm at λ = 2.3µm) using a slit width
of 0.6 arcsec. Standard ABBA nodding along the slit was used. The seeing con-
ditions varied from 0.8 to 1.2 arcsec. A single pixel element represents 0.011 nm,
while a resolution element covers approximately seven pixels. Using a central
wavelength of λc = 2.286µm, the CO emission spans chips three and four of the
detector. The CO bandhead peak is located on the third detector chip. Telluric
standard stars of spectral type A, featureless in the wavelength range of interest,
were observed between science targets using an identical instrumental set-up and
at similar airmasses to ensure similar sky conditions.
The data were reduced using the ESO provided CRIRES pipeline, via the
gasgano data organiser (version 2.2.7). Dark current was removed and detector
linearity corrections applied, then master flat frames and bad pixel maps were
used to correct the spectra. The final spectra were extracted using the optimal
extraction algorithm. Wavelength calibration was performed using a cross correla-
tion with the hitran model catalogue (Rothman et al., 1998) and OH lines. The
standard stars were reduced and extracted in the same manner. The final spectra
were obtained by division of the object spectra by their corresponding standard
star to remove telluric spectral features. To further remove the effect of bad pixels,
the spectra were cleaned using a sigma-clipping algorithm that removed any pixels
with a value above three times the standard deviation of the pre-bandhead portion
of the spectrum. This was determined to be the maximum amount of cleaning that
could be performed without affecting the appearance of real spectral features.
3.3.1 Observational results
The spectra, presented in Section 2.3, exhibit a range of bandhead shapes and
strengths. Ten objects possess a so-called ‘blue shoulder’, in which there is promi-
nent emission on the shorter wavelength side of the bandhead peak. This is caused
by doppler-shifted rotational lines, and may be indicative of rotational motion in
a circumstellar disc, or an outflowing wind (Kraus et al., 2000). The other ten
objects show steep rises in the bandhead slope. Several objects (for instance,
G270.8247−01.1112) possess a residual telluric feature in the pre-bandhead por-
tion of the spectrum, but this did not affect our analysis.
The signal to noise ratio of the spectra ranges from approximately 20–150. The
average bolometric luminosity of the objects is 5× 104 L⊙, typical of other objects
within the RMS Survey (Mottram et al., 2011). The objects are generally bright
in the K−band, but this is a selection effect based on observational requirements.
The objects G332.9457+02.3855 and G338.5459+02.1175 were originally clas-
sified as MYSOs, but since the observation date have been found to have too low
a luminosity for this to be the case, and are likely to be lower mass young stellar
objects instead. However, since they both possess strong CO emission we have
included them in the final sample and discuss them in Section 3.8.
Figure 3.3 shows the bandhead of IRAS 08576−4334, which is a good example
of the CO bandhead feature due to the prominent emission and the high signal-
Table 3.1: Observational information for each object. The bolometric luminosity LBol, 2MASS K−band magnitude
and distance dkin are all taken from the RMS database unless otherwise stated.
Object RA Dec. LBol K dkin tint Blue Chip S/N CO
(J2000) (J2000) (L⊙) (mags) (kpc) (h) Shoulder Four σ
MYSOs
G012.9090−00.2607 18:14:39.56 −17:52:02.3 5.4× 104 9.2 3.8 5.0 Y Y 63 12
G033.3891+00.1989 18:51:33.82 +00:29:51.0 1.0× 104 7.2 5.1 0.3 N Y 81 10
G035.1979−00.7427 18:58:12.99 +01:40:31.2 3.1× 104 12.6 2.2 1.6 N N 18 7
G270.8247−01.1112 09:10:30.89 −49:41:29.8 9.9× 103 10.1 7.7 8.3 Y Y 61 11
G282.2988−00.7769 10:10:00.32 −57:02:07.3 8.9× 103 7.0 5.5 0.1 Y Y 114 11
G287.3716+00.6444 10:48:04.55 −58:27:01.5 2.8× 104 7.5 5.6 0.3 N N 128 12
G293.8947−00.7825 11:32:32.82 −62:15:43.1 1.2× 104 8.8 10 2.1 N Y 102 6
G296.2654−00.3901 11:53:10.93 −62:30:20.0 4.5× 103 8.9 8.9 2.1 N Y 58 8
G305.2017+00.2072 13:11:10.45 −62:34:38.6 4.9× 104 9.4 3.6 2.1 N Y 63 18
G308.9176+00.1231 13:43:01.70 −62:08:51.2 1.4× 105 6.4 4.6 0.1 Y N 64 7
G310.0135+00.3892 13:51:37.85 −61:39:07.5 5.7× 104 4.9 3.3 0.1 Y N 120 8
G332.0939−00.4206 16:16:16.46 −51:18:25.2 1.8× 105 5.9 3.5 0.1 - N 58 5
G332.9868−00.4871 16:20:37.81 −50:43:49.6 2.6× 104 9.3 3.5 3.3 Y N 47 10
G338.9377−00.4890 16:45:08.23 −46:22:18.5 2.1× 103 9.1 3.2 2.1 Y N 50 7
G339.6816−01.2058 16:51:05.95 −46:15:52.4 1.6× 104 8.5 2.6 0.3 - N 74 4
G347.0775−00.3927 17:12:25.81 −39:55:19.9 1.8× 103 8.5 1.6 2.1 Y Y 62 7
IRAS08576−4334§ 08:59:27.40 −43:45:03.7 - 9.4 2.2‖ 5.0 N Y 41 40
IRAS16164−5046§ 16:20:11.06 −50:53:16.2 1.0× 105† 9.5† 3.6† 5.0 Y Y 61 14
IRAS17441−2910§ 17:44:09.60 −29:10:58.0 5.2× 105∗ 5.3 9.8∗ 0.4 Y Y 33 9
M8E-IR§ 18:04:53.26 −24:26:42.3 - 4.4 1.9‡ 0.2 N Y 125 12
Non-MYSOs (see Section 3.8)
G332.9457+02.3855 16:08:12.08 −48:40:38.5 860 9.7 1.9 0.04 N Y 36 8
G338.5459+02.1175 16:32:32.19 −44:55:30.6 16 7.2 0.3 5.0 N Y 60 17
§: Object is not a member of the RMS database, but was selected based on previously observed CO emission. †: From Bik et al. (2006).
‡: From Chini & Neckel (1981). ∗: From Walsh et al. (1997). ‖: Kinematic distance from the rotation curve of Brand & Blitz (1993)
and vLSR = 7.5 km s
−1(Bronfman et al., 1996).
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Figure 3.3: Spectrum of the first overtone bandhead emission of IRAS
08576−4334 (solid black). The gap in the data is due to the spacing between
chips three (left) and four (right) of the detector. The best fitting model is shown
above (dashed red) and has been shifted upwards for clarity. The theoretical wave-
lengths of the transitions that make up the bandhead are marked on the abscissa,
and have been shifted to account for relative motion. The panel shows the line
shape of the J = 51-50 transition that was adopted for the best fitting model.
to-noise ratio. Plotted above the data is our final best fitting model (discussed in
Section 3.2.3). The inset shows the line shape of the J = 51–50 transition that is
the result of the best fitting model, displaying a double peaked profile due to the
motion in the disc.
3.4 Fitting the data
3.4.1 The fitting procedure
The best fitting model is determined using the downhill simplex algorithm, imple-
mented by the amoeba routine of the IDL distribution. The input spectra are
Table 3.2: Allowed ranges of parameters for the model fitting procedure, for disc
models A, B and C. Note that density refers to the surface number density.
Parameter Used in Range
Mass accretion rate M˙ B, C 10−7.5 < M˙ < 10−3.5M⊙ yr
−1
Inclination i A, B, C 0 < i < 90 ◦
Intrinsic linewidth ∆ν A, B, C 1 < ∆ν < 30 km s−1
Inner disc radius Ri A 1 < Ri < 100R⋆
Inner disc temperature Ti A 1000 < Ti < 5000K
Inner disc density Ni A 10
12 < Ni < 10
25 cm−2
Temperature exponent p A −5 < p < 0
Density exponent q A −5 < q < 0
first continuum subtracted (which is assumed to be linear given the small range in
wavelength), and then normalised to the peak of the bandhead emission. Model fits
are compared to the data using the reduced chi-squared statistic, χ2r , and the error
in the data is taken to be the standard deviation of the flux in the pre-bandhead
portion of the spectra.
The fitting routine is repeated with six starting positions spread across the
parameter space to avoid recovering only local minima in χ2r . Table 3.2 shows
the ranges over which we search in parameter space. The stellar mass, radius and
effective temperature are fixed parameters, and are calculated from the bolometric
luminosity of each object using interpolation of the main sequence relationships in
Martins et al. (2005), unless otherwise stated in Table 3.1. The free parameters
of the fit are, for model A: the inner disc radius, temperature and surface density
Ri, Ti, Ni, the temperature and density exponents p, q, the disc inclination i and
the intrinsic linewidth ∆ν. For models B and C, the free parameters are: the mass
accretion rate M˙ , disc inclination i and intrinsic linewidth ∆ν.
3.4.2 A test of the disc models - W33A
The object G012.9090−00.2607 (hereafter W33A) is a well known MYSO that
has been studied extensively in recent years (de Wit et al., 2010; Wheelwright
et al., 2012a), and thus offers a useful check of our models. The work of de
Wit et al. (2010) determined the inclination of the system to be 40◦ < i < 70◦
through modelling of the SED. The spectrum of W33A was fitted using the three
disc models described in Section 3.2.3, to test which is most applicable to the
circumstellar environment of MYSOs. Figure 3.4 shows the data and the best fits,
and Table 3.3 shows the best fitting parameters for each model.
Model A clearly gives the best fit to these data, as can be seen from both a
qualitative assessment of the fit and the reduced chi-squared statistic. All models
reproduce the peak of the bandhead and blue side slope well. However, only model
A accurately reproduces the individual line profiles between 2.296–2.298µm with
a sufficiently small intrinsic linewidth. Models B and C both have similar chi-
squared values, which are approximately twice that of model A. Furthermore, the
inclinations of models B and C (13◦ and 27◦) are too low to agree with the result
of de Wit et al. (2010).
In addition to using the downhill-simplex algorithm amoeba to fit the data,
the reduced chi-squared landscape for both models B and C was also investigated
in a regular fashion, as can be seen in Figure 3.5. The reduced chi squared value χ2r
was determined for various values of mass accretion rate M˙ and inclination i, while
the intrinsic linewidth ∆ν was set to the best fitting value in Table 3.3. The values
were changed in increments of log M˙ = 0.25M⊙ yr
−1 and i = 2◦, respectively.
The top panel of Figure 3.5 shows that fits to the spectrum of W33A using disc
Table 3.3: Best fitting parameters using disc models A, B and C for the spectrum
of G012.9090−00.2607 (W33A).
Disc Model M˙ ∆v i χ2r
(M⊙ yr
−1) (km s−1) (◦)
A - 21 37 1.4
B 7.76 × 10−6 29 13 2.8
C 2.14 × 10−5 29 27 2.8
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Figure 3.4: Best fitting models to G012.9090−00.2607 (W33A) using each disc
model. Best fitting parameters are shown in Table 3.3. Model A provides the
best fit as can be seen from the reduced chi squared statistic. Models B and C
struggle to reproduce the peak to trough variation seen in the spectrum between
2.296 − 2.298µm. All models struggle to fit the initial data points on chip four.
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Figure 3.5: An exploration of the reduced chi squared values for fits to the
spectrum of W33A using disc models B and C. The location of the minimum,
χ2r(min), corresponding to the values in Table 3.3, is denoted by a white cross,
and contours show the levels of χ2r(min)+1, +5 and +9, respectively. In both
cases, the intrinsic linewidth is set to the best fitting value as determined by the
fitting routine.
model B are very sensitive to the inclination of the disc, and are confined to a very
small range of low inclinations, while the fits are less sensitive to the mass accretion
rate, where a range of values from 6×10−6 – 3×10−6M⊙ yr
−1 are contained within
the χ2r + 1 contour. Fits using model C allow higher inclinations to be reached,
however these inclinations are still lower than the 40–70◦ determined by de Wit
et al. (2010).
Model C is more sensitive to high accretion rates, which allows higher temper-
atures in the disc to be reached. As can be seen, higher mass accretion rates are
reported than in model B. The hotter disc means that the CO emission region is
located further out in the disc, and therefore suffers from less rotational broaden-
ing. This is why model C reports a higher inclination. However, this is still too
low to be consistent with de Wit et al. (2010).
The models of massive young stellar objects in Hosokawa & Omukai (2009)
suggest that high accretion rates affect the state of the central protostar. In
particular, they suggest the radius of the central protostar can increase to over 100
solar radii for certain stellar masses. If this were the case in W33A, the assessment
of the stellar parameters based on the standard main sequence relationships would
be inaccurate. For the mass of W33A, Hosokawa & Omukai (2009) suggests a
radius of approximately 30R⊙, which is five times greater than the radius we
adopt. To test how this may affect the fitting of the bandhead, the χ2r plots for
W33A were recreated under the assumption that the central protostar was bloated
to 30R⊙, which are shown in Figure 3.6.
The fit to W33A using model B and a bloated central protostar shifts the χ2r
minimum to higher accretion rates, and increases the range of inclinations with
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Figure 3.6: As Figure 3.5, but the stellar radius has been increased to five times
the original radius - 30R⊙.
small χ2r values, but these inclinations are still below the range reported in de
Wit et al. (2010). The fit using model C and a bloated central protostar produces
minimum χ2r values at similar mass accretion rates to model B, but the inclination
is much higher, reaching comfortably into the required 40–70◦ range. However,
while the overall location of the minimum has been shifted into an acceptable
parameter space, the resulting minimum in χ2r is still approximately 2.8, and visual
inspection of the resulting best fitting spectrum confirmed that the fit was not a
good match to the data.
In general, model A provides additional parameters in the temperature and
density exponents, and their respective values at the inner edge of the CO emis-
sion region. This allows the model to effectively change the amount of material
within the disc, and provides a better fit to these data. While models B & C are
both based on physical descriptions of accretion discs, they may not contain all of
the relevant details. For example, these models also assume emission from a flat
disc, but in reality different disc geometries may need to be considered, such as
flared discs, or discs with discrete vertical layers. For this reason, disc model A
was chosen as a basis for the fitting routine for the other MYSOs, as it allows free-
dom to account for different emission geometries and is not reliant upon possibly
inaccurate assumptions regarding the temperature and density structure of these
discs.
Adopting disc model A, fits to all objects were obtained as described in Section
3.4.1. The errors were calculated by holding all but one parameters constant at
their best fitting value, and varying the selected parameter until the difference in
χ2r was equal to one. For some parameters, the 1-sigma error values were beyond
the range of allowed parameters for our fitting routine. For all objects, fitting
was attempted using data from both chips three and four of the detector. If a
satisfactory fit was not obtained, the wavelength range of fitting was limited to
only include data from chip three, and the fitting routine was repeated. Tests with
individual objects showed that extrapolation of a fit using only the wavelength
range of chip three, on to chip four, produced similar results to a fit involving both
chips. This can be seen in several objects (for instance G296.2654−00.3901 and
M8E-IR) where the extrapolated fit across chip four is consistent with the location
of the rotational lines that were not included in the fitting range due to a poor
signal-to-noise at these wavelengths.
3.5 Full sample results
The model is able to fit all objects with spectra that have sufficiently strong CO
emission, found to be above approximately six times the rms noise in the pre-
bandhead section of the spectrum. Eight MYSOs and the two lower mass YSOs
are fitted across the full chip three and four wavelength range, and also use only
chip three (or a portion of chip three) to fit the remaining 9 MYSOs. Three
objects (G293.8947−00.7825, G332.0939−00.4206 and G339.6816−01.2058) were
determined to have CO emission that was too weak, or a signal-to-noise ratio that
was too low, to provide a reliable fit, but for completeness their spectra are included
in Section 3.8. The two reclassified low mass YSO objects, G332.9457+02.3855 and
G338.5459+02.1175, are excluded from the analysis here and discussed in Section
3.8.
Figure 3.7 presents the spectra and best fitting models using disc model A, to
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Figure 3.7: Spectra (black) and model fits (red) to the CO emission of the objects
in the sample, using disc model A. Data that are greyed out are not included in the
fitting procedure because of poor quality, but have been included for completeness.
each of the MYSOs with CO emission. Objects where only chip three has been
used for the fitting routine are indicated with a greyed-out chip four region. Table
3.5 shows the best fitting model parameters for each of the objects, with associated
1-sigma errors. Errors marked with an asterisk should be considered lower limits,
as the full 1-sigma error value was beyond our allowed parameter range.
In general, across the 7 objects whose inclinations have been constrained before,
the best fitting parameters agree with the previous results, within error margins.
Comments and comparisons on an object by object basis are presented in Section
3.7. The majority of objects have discs beginning within a few astronomical units
Table 3.4: Stellar parameters used for the model fitting. The stellar mass M⋆,
radius R⋆ and effective temperature Teff are derived from observed bolometric
luminosity in Table 3.1 using interpolation from the main sequence relationships
described in Martins et al. (2005), unless otherwise stated.
Object M⋆ R⋆ Teff
(M⊙) (R⊙) (K)
MYSOs
G012.9090−00.2607 21.2 7.0 33500
G033.3891+00.1989 12.3 4.8 26500
G035.1979−00.7427 17.7 6.1 31200
G270.8247−01.1112 12.3 4.8 26500
G282.2988−00.7769 11.8 4.7 26100
G287.3716+00.6444 17.1 6.0 30800
G296.2654−00.3901 9.6 4.0 23600
G305.2017+00.2072 20.4 6.8 33100
G308.9176+00.1231 31.7 9.0 37400
G310.0135+00.3892 21.8 7.0 33800
G332.9868−00.4871 16.6 5.9 30400
G338.9377−00.4890 7.4 3.4 21400
G347.0775−00.3927 7.0 3.3 20900
IRAS 08576−4334 6.1◦ 3.0 19200
IRAS 16164−5046 34.9 9.8 38300
IRAS 17441−2910 56.9 14.3 41300
M8E-IR 13.5† 5.1 27800
Non-MYSOs (see Section 3.8)
G332.9457+02.3855§ 0.5 3.0 5000
G338.5459+02.1175§ 0.5 3.0 5000
◦: Determined from the position in the K versus J−K diagram of Bik et al. (2006), as in
Wheelwright et al. (2010). †: Taken from Linz et al. (2009), which is based on the best fitting
model from Robitaille et al. (2007). §: The stellar mass, radius and effective temperature of
these objects is estimated from typical T Tauri star values (Covey et al., 2011).
Table 3.5: Best fitting disc parameters to the CO spectra. The outer disc radius is defined at the point in the disc
in which the temperature drops below 1000K, so no error is presented.
Object Ri Ro Ti Ni p q i ∆ν χ
2
r
(au) (au) (K) (cm−2) (◦) (km s−1)
MYSOs
G012.9090−00.2607 2.3+0.9∗−1.0 76 2300
+50
−480 2.2
+40
−∗ × 10
21 −0.25+0.25∗−4.75∗ −4.10
+1.80
−0.90∗ 37
+16
−11 21.0
+9.0∗
−16 1.4
G033.3891+00.1989 2.1+0.1∗−1.0 3200 4600
+400∗
−1800 0.4
+7
−∗ × 10
21 −0.06+0.06∗−4.94∗ −1.70
+0.30
−3.30∗ 40
+50∗
−25 29.0
+1.0∗
−17 2.8
G035.1979−00.7427 2.3+0.5∗−2.0 440 3100
+10
−3100∗ 1.4
+∗
−∗ × 10
23 −0.20+0.20∗−4.80∗ −4.00
+1.40
−1.00∗ 36
+54∗
−20 2.9
+10
−2.9∗ 1.8
G270.8247−01.1112 1.1+0.5∗−1.0 93 3600
+10
−960 0.4
+1.9
−0.4 × 10
22 −0.32+0.10−0.20 −1.60
+0.40
−0.70 89
+1∗
−40 18.9
+21.1∗
−13 2.8
G282.2988−00.7769 1.7+0.5∗−0.6 9 4800
+10
−1500 0.1
+2.3
−∗ × 10
21 −0.97+0.60−2.20 −1.40
+1.40∗
−3.60∗ 80
+10∗
−30 16.3
+13.7∗
−16.3∗ 2.8
G287.3716+00.6444 0.1+0.1−0.1 3 4200
+80
−720 9.1
+∗
−4.2 × 10
24 −0.45+0.10−0.10 −0.88
+0.88∗
−0.10 17
+4
−2 3.1
+1.2
−0.6 7.1
G296.2654−00.3901 1.7+0.2∗−1.0 530 3400
+60
−1280 0.1
+3.1
−0.0 × 10
23 −0.20+0.20∗−0.40 −2.20
+0.90
−0.80 23
+67∗
−23∗ 28.0
+2.0∗
−22 1.3
G305.2017+00.2072 0.6+0.3−0.3 52 2930
+20
480 2.1
+1.6
−1.7 × 10
21 −0.27+0.10−0.10 −1.61
0.20
−0.40 43
+13
−8 14.5
+15.5∗
−8 4.7
G308.9176+00.1231 0.7+1.6−0.6 9 4430
+30
−3200 4.8
+∗
−∗ × 10
21 −0.59+0.20−4.80∗ −0.14
+0.14∗
−3.6∗ 67
+23∗
−38 12.6
+17.4∗
−12.6∗ 0.9
G310.0135+00.3892 2.8+0.5∗−2.0 69 3760
+100
−1400 3.8
+∗
−∗ × 10
12 −0.43+0.20−4.57∗ −0.50
+0.50∗
−4.5∗ 67
+23∗
−41 25.5
+4.5∗
−25.5∗ 2.0
G332.9868−00.4871 0.5+0.8−0.3 7 4400
+120
1600 0.1
+1.9
−∗ × 10
21 −0.59+0.20−0.4 −0.01
+0.01∗
−1.3 78
+12∗
−38 29.7
+0.3∗
−28 1.9
G338.9377−00.4890 0.3+0.3−0.2 1 4900
+100∗
−2200 0.4
+2.1
−∗ × 10
20 −1.22+0.90−3.78∗ −1.63
+1.63∗
−3.37∗ 89
+1∗
−45 29.9
+0.1∗
−29.9∗ 1.2
G347.0775−00.3927 0.4+1.1∗−0.3 3 4600
+10
−2000 0.3
+4.7
−∗ × 10
21 −0.79+0.60−4.21∗ −1.14
+1.14∗
−3.86∗ 84
+6∗
−61 26.5
+3.5∗
−26.5∗ 1.9
IRAS 08576−4334 0.6+0.1−0.1 7 4980
+20∗
−800 2.8
+6.4
−6.4 × 10
21 −0.71+0.05−0.05 −0.001
+0.001∗
−0.60 65
+4.1
−11 15.7
+2.4
−3 2.9
IRAS 16164−5046 1.9+0.1−0.1 5 4380
+10
−1900 0.1
+2.1
−∗ × 10
22 −1.45+0.90−3.55∗ −1.37
+1.37∗
−3.63∗ 62
+16
−12 11.9
+18.1∗
−8 1.7
IRAS 17441−2910 6.0+0.6∗−0.1 13 3880
+10
−400 3.8
+0.2
−∗ × 10
21 −1.72+1.30−0.10 −1.00
+1.00∗
−4.00∗ 53
+2
−16 3.7
+0.6
−3.7∗ 0.6
M8E-IR‡ 1.5+0.9∗−0.4 54 2300
+10
−320 0.2
+10
−∗ × 10
20 −0.24+0.24∗−4.76∗ −2.16
+1.1
−2.84∗ 14
+10
−14∗ 49
+11∗
−13 2.1
Non-MYSOs (see Section 3.8)
G332.9457+02.3855 0.7+0.7∗−0.6 4 3240
+10
−880 2.5
+5.3
−∗ × 10
20 −0.73+0.73∗−4.27∗ −2.60
+2.60∗
−2.40∗ 66
+24∗
−66∗ 29.8
+0.2∗
−29.8∗ 2.7
G338.5459+02.1175 1.2+0.2∗−0.4 61 5000
+0∗
−1000 1.5
+6.0
−0.9 × 10
22 −0.36+0.00−0.20 −3.77
+1.40
−1.23∗ 87
+3∗
−61 28.4
+1.6∗
−11 3.9
∗: The value of χ2
r
did not change by one over the allowed parameter range. ‡: The wavelengths fitted and ranges of allowed fit
parameters were altered to obtain a good fit, see text for details.
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Figure 3.7: Continued.
of the stellar surface, and inner disc temperatures close to the dissociation tem-
perature of CO (5000K). The distribution of the inner surface densities of the disc
has a geometric average of N¯i = 5.5± 8× 10
20 cm−2. It should be noted that even
though CO should be dissociated by stellar UV flux at these small distances, it is
found as in Bik & Thi (2004) and Wheelwright et al. (2010) that the density is
sufficient for self-shielding to occur (N > 1015 cm−2, van Dishoeck & Black 1988).
Figure 3.8 shows the distribution of the best fitting inclinations and the temper-
ature and density exponents of the MYSOs. While our inclinations are consistent
with most previously published data for objects, IRAS 08576−4334 is not, and this
is discussed in detail in Section 3.7. The distribution of the best fitting inclinations
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Figure 3.7: Continued.
is essentially consistent with the inclinations being random (¯i = 60◦), as the mean
inclination value is i¯ = 55 ± 25◦. The temperature gradients are skewed toward
higher values, but have a mean of p¯ = −0.6± 0.5, close to the −0.75 suggested for
a flat accretion disc. We note that two objects show well constrained temperature
gradients of −0.43, which are consistent with flared, irradiated discs (Chiang &
Goldreich, 1997). The surface density gradients are more evenly spread across the
parameter space, with a mean of q¯ = −1.5 ± 1.2. This is consistent with the sur-
face density gradient for a flat accretion disc, although it is associated with a large
error. The average intrinsic linewidth of the fits is ∆ν = 20 ± 12 km s−1. Apart
from two objects (G287.3716+00.6444 and IRAS 17441−2910) the linewidths are
approximately ten times the thermal linewidths expected for CO between 1000–
5000K, suggesting that the emitting material is dominated by macro-turbulent
motions or infall.
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Figure 3.8: Distributions of inclinations (top), and temperature and surface
density exponents (p and q, respectively, bottom) determined from the fits to the
17 MYSOs with detected CO bandhead emission.
3.6 Discussion
3.6.1 Disc sizes - the location of the emission
A range of disc sizes are found from the results. However, in the majority of
cases, the inner edge of the CO emission region is within a few au. The outer
edge of the emission region varies much more, giving rise to three very large discs.
However, the objects with very large discs have temperature exponents that are
poorly constrained. This allows very shallow gradients (as seen in Figure 3.8),
which in turn produce large outer disc radii, because this is defined as where the
excitation temperature drops below 1000K. Thus, these large disc sizes are likely
not physical and much smaller discs can be produced with an exponent that is still
within the uncertainty in the best fitting value.
To compare the location of the CO emission to the circumstellar disc as a
whole, one can calculate the dust sublimation radius, RS, in au for each object:
RS = 1.1
√
QR
(
L⋆
1000L⊙
)0.5(
TS
1500K
)−2
, (3.15)
where QR is the ratio of absorption efficiencies of the dust, and TS is the tem-
perature at which the dust sublimates (Monnier & Millan-Gabet, 2002). We take
QR = 1 and TS = 1500K. This is then compared to both the inner and outer radii
of the CO emission disc from our model fits. Figure 3.9 shows histograms of the
ratios between these quantities.
As expected, it is found that the majority of objects, approximately 75 per
cent, have CO discs whose inner extent is less than the dust sublimation radius.
Approximately 30 per cent have CO discs with an outer extent below the dust
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Figure 3.9: Ratio of inner and outer CO disc radii, Ri, Ro, compared to the dust
sublimation radius RS for each object. The majority of objects have inner radius
well below the dust sublimation radius, and in some cases the entire CO disc is
inside the sublimation radius. Most of the discs are within a few dust sublimation
radii. Note that the final bin in the histogram is uneven and extends from 7.5–900.
sublimation radius. However this percentage is increased if the artificially large
discs discussed earlier are excluded. Concerning the remaining objects, there are
several cases where the inner and/or outer disc radii are only a few times larger
than the dust sublimation radius. The treatment of the sublimation is simplistic.
Factors such as rapid accretion rates, back-warming and non-homogeneous dust
grain sizes may increase the dust sublimation radius to several times the value
that is predicted. Therefore, the best fitting disc properties appear consistent
with physical expectations. Consequently, it is suggested that, in general, the
best fitting discs can be associated with gaseous accretion discs that are close
to the central star. As this is the largest sample of MYSOs with CO bandhead
emission studied to date, this provides strong evidence for the existence of small
scale accretion discs around these objects.
3.6.2 Determining mass accretion rates
As discussed previously, the use of a physical disc model that directly includes the
relevant physics needed to determine a mass accretion rate is attractive. How-
ever, as these models did not fit our data well, we were unable to find accretion
rates directly from the fits, and thus we obtained analytic descriptions of how the
temperature and density vary as a function of radius within the discs.
Therefore, comparing the radial profiles of the temperature and density from
our fits using the analytic model (model A) to the radial profiles predicted by model
C for different mass accretion rates (M˙ = 10−3.5–10−7.5M⊙ yr
−1) was investigated.
It was postulated that if these radial profiles agree for both the temperature and
the density, then it would be possible to assign a mass accretion rate to each object
based on this comparison. However, it was found that, for many of the objects,
the mass accretion rates obtained from the temperature profile and the density
profile differed by orders of magnitude. Also, several accretion rates were difficult
to determine due to very different gradients between the fits using model A and
the various model C radial profiles (which were fixed), and the values obtained
are therefore unreliable. On average, we found that the mass accretion rate from
the temperature gradients suggested M˙ > 10−4M⊙ yr
−1 while the surface density
distribution suggested M˙ < 10−7M⊙ yr
−1.
It is concluded that our model fits cannot currently be used to determine
the mass accretion rates of MYSOs. While this has been performed in previous
studies of lower mass young stellar objects (Carr, 1989; Chandler et al., 1995), the
higher resolution of our data demonstrates there are many rotational lines that
cannot be fitted using these simple disc models. These models may be inadequate
in accurately representing the physical situation that gives rise to CO bandhead
emission from discs with high accretion rates. Also, the study of only a single
bandhead may not offer sufficient information to reliably determine the physical
properties of discs and thus cannot accurately constrain mass accretion rates in
this way.
3.6.3 Are these typical MYSOs?
In this section we consider whether the MYSOs with CO emission differ from those
without. An important question since the detection rate of CO emission in the
spectra of MYSOs is approximately 25 per cent.
MYSOs are typically red objects with a featureless continuum in the optical
and NIR, so we cannot accurately constrain their stellar properties such as effective
temperature and radius. Therefore, we investigate whether the parameters of the
best fitting models display a pattern which may explain why only some MYSOs
exhibit this emission. In particular, it is conceivable that for CO emission to be
observed, the inclination of the disc is required to be close to face on. However,
the inclinations of the objects are spread relatively evenly between 0 and 90◦,
with a slight preference for higher inclinations, suggesting this is not the case.
In addition, we note that the average bolometric luminosity of our sample of
objects with CO emission is 5×104 L⊙, which is typical of objects within the RMS
survey. Therefore, we conclude that the properties of the MYSOs that exhibit CO
bandhead emission do not indicate what specific geometry and/or conditions are
required for the presence of this emission.
Consequently, it is not certain why the presence of CO bandhead emission is
not ubiquitous in the spectra of MYSOs. It is possible that the objects with CO
emission represent a different evolutionary stage of MYSOs than those without.
It is difficult to test this hypothesis. As an initial test, the infrared colours of the
observed MYSOs were investigated, which are likely affected by key factors such
as circumstellar geometries on astronomical unit scales, inclination and envelope
mass/infall rate. To determine whether the MYSOs with CO bandhead emission
appear representative of MYSOs in general or are a specific subset of MYSOs,
their NIR colours were compared with those of approximately 70 objects from the
RMS database, which are shown in the upper panel of Figure 3.10. To ensure a
valid comparison with our objects, the control sample was selected to have a high
luminosity (L > 104 L⊙) and be bright in the K−band (K < 10 magnitudes).
The J − K and H − K colours of the two samples were compared using the
Kolmogorov–Smirnov (KS) test and it was found that the hypothesis that the NIR
colours of the MYSOs with CO bandhead emission are drawn from the distribution
of NIR colours exhibited by the RMS population cannot be discounted with any
significance. The objects observed to have CO bandhead emission are generally
bright in the K−band. However, this is a selection effect and does not imply that
only objects with such emission are intrinsically brighter in the K−band.
Also examined were the mid–infrared (MIR) colours of the sample. Specifically,
theMSX (F21µm−F8µm), (F21µm−F12µm) and (F21µm−F14µm) colours of the objects
with CO bandhead emission were compared to the RMS population mentioned
earlier. The lower panel of Figure 3.10 shows the cumulative distribution of the
(F21µm − F8µm) colours. Using the KS test, it was found that the hypothesis that
the MIR colours of the objects with CO emission are drawn from the total RMS
distribution of MIR colours cannot be discounted with any significance. Therefore,
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Figure 3.10: Cumulative frequency of the NIR J − K and normalised MIR
(F21µm−F8µm) colours of the MYSOs with CO emission and the RMS population.
The dashed vertical lines indicate the largest deviation between the distributions.
Similar distributions were found for the H − K, (F21µm − F12µm) and (F21µm −
F14µm) colours.
the objects with and without CO emission appear no different in terms of both
their NIR and MIR colours, suggesting these objects are representative of the RMS
population as a whole.
It is therefore unclear from this analysis why only some MYSOs possess CO
emission. It has been predicted that models of circumstellar discs of MYSOs can
be unstable (Krumholz et al., 2007) and that the accretion rate in these discs is
not constant (Kuiper et al., 2011). Unstable discs may disrupt the circumstellar
material and lead to physical conditions in which CO ro-vibrational emission no
longer occurs. If the disc accretion rate is high, this will increase the mid-plane
temperature of the disc and move the CO emission region further away from the
central protostar, possibly into the surrounding envelope, which may cause the
emission to cease. However, without a method to determine the accretion rate of
these objects, this hypothesis is difficult to test.
3.7 An object by object comparison with previ-
ous studies
This section discusses and compares, on an object by object basis, the findings with
that of previous studies on a selection of our sample where data was available.
G033.3891+00.1989
The work of Wheelwright et al. (2010) fitted the CO bandhead emission of this
object using fixed power law relations for the disc. They found a disc from 0.24–
2.0 au, at an inclination of 18◦, with an intrinsic linewidth of 20 km s−1 (which was
not well constrained) and a CO number density of 9× 1021 cm−2. The inclination,
number density and linewidth agree with our best fitting model within error ranges,
but the size of our disc is much larger, due to a shallow temperature gradient.
G035.1979−00.742
The object G035.1979−00.74 has been observed using ALMA by Sa´nchez-Monge
et al. (2013). Images of the CH3CN and HC3N emission were obtained, probing
scales up to 2500 au from the central object. A best fit to the data was found with
a disc model at an inclination of 71◦. Our derived inclination of 36◦ is not well
constrained due to the poor quality of the spectrum across the fourth detector
chip, but is consistent with their findings.
G287.3716−00.6444
Wheelwright et al. (2010) do not find a satisfactory fit to the CO bandhead of this
object assuming a circumstellar disc (with fixed temperature and density profiles),
nor an isothermal non-rotating body of CO. They discuss other possible origins
for the emission, including a disc with an outer bulge, a dense neutral wind, a
shock, or a disc in which the receding side is much brighter than the approaching
side. We note that our temperature exponent is close to −0.43, which would be
consistent with a flared, irradiated disc (Chiang & Goldreich, 1997) which may act
in the same way as a disc with an outer bulge.
G308.9176+00.1231 (AFGL4176)
The work of Wheelwright et al. (2010) finds a disc from 1–8 au at an inclination
of 30◦. The size of the disc agrees well with our results, but we find a higher
inclination of 67◦, with 30◦ at the lower limit of our error range. Our linewidth
of 12.6 km s−1 agrees with their value of 14 km s−1, however our inner density is
one order of magnitude lower. Boley et al. (2012) find their observations described
well by a large circumstellar disc at an inclination of 60◦, agreeing with our best
fitting model, and consistent with the prominent blue shoulder in our data.
G310.0135+00.3892
G310.0135+00.3892 (IRAS 13481−6124) has previously been observed using the
VLTI and AMBER in the K−band by Kraus et al. (2010) who report an elon-
gated structure that is consistent with a disc viewed at a moderate inclination of
approximately 45◦. Wheelwright et al. (2012a) fitted the SED using a model with
an inclination of 32◦. Our relatively high inclination of 67◦ is not well constrained,
due to the poor quality of the data, but agrees with these values within the error
range.
Kraus et al. (2010) find a temperature gradient of p ∼ −0.4, which they suggest
is consistent with a flared, irradiated disc based on the work of Chiang & Goldreich
(1997). We find a temperature gradient of p = −0.43, which is consistent with
this hypothesis. Our inner disc temperature of 3800K is warmer than the value
of approximately 1500–2000K assumed in Kraus et al. (2010), but is consistent as
we are concerned with a gaseous disc as opposed to a dust disc. We find a smaller
inner radius (2.8 au) for our disc than their study (9.5 au).
G332.9868−00.4871
Wheelwright et al. (2012a) determine an inclination of 15◦ to G332.9868−00.4871,
which is far from our reported value of 78◦ even considering the large error. How-
ever, we note that our data have a relatively low signal-to-noise ratio, and no
rotational lines in the fourth chip can be observed, thus our fit is likely not the
best fit for the object.
G347.0775−00.3927
Wheelwright et al. (2010) find a similar sized disc to our best fitting model, from
0.5–4 au but with a lower inclination of 30◦. However, our inclination of 84◦ is
not well defined, and this does lie within our lower error bound. It should also be
noted that the bolometric luminosity from the RMS database used in their study
has since been revised to a lower value, which we use here.
IRAS 08576−4334
IRAS 08576−4334 has been extensively studied in recent years. Bik & Thi (2004)
model the CO emission using an isothermal disc from 0.2–3.6 au, with an inclina-
tion angle of 27◦, a CO number density of 3.9× 1021 cm−2 and an excitation tem-
perature of 1600K. Wheelwright et al. (2010) used a similar method, but utilise
a disc model with fixed power laws, and show the data to be well fit with a 0.09–
0.78 au disc, at an inclination of 18◦, with a CO number density of 7.9×1021 cm−2
and an intrinsic linewidth of 20 km s−1.
Ellerbroek et al. (2011) find double peaked He i and Fe i emission lines, with a
separation of 60–100 km s−1, which they conclude must originate from a circum-
stellar disc. They suggest IRAS 08576−4334 is likely an intermediate mass YSO
with a mass accretion rate of 10−6–10−5M⊙ yr
−1, obtained from the determination
of the outflow mass loss rate.
In contrast to Bik & Thi (2004) and Wheelwright et al. (2010), we find our
observations are best fitted with larger disc from 0.6–6.5 au, at an inclination of
65◦. We note that data of Wheelwright et al. (2010) does not have sufficient
wavelength range to observe double-peaked emission lines beyond 2.297µm, and
that the lower resolution of the Bik & Thi (2004) data may mask the presence of
these features, especially as they are not well defined and asymmetric in our data.
Our best fitting model possesses a double peak width of approximately 50 km s−1,
similar to that of the He i and metal emission lines in Ellerbroek et al. (2011).
We note that the rotationally broadened lines from 2.306–2.309µm show asym-
metry, with a depletion on the blue side. These transitions likely correspond to the
cooler material further out in the disc, and as such may be evidence for asymmetry
in the disc, which cannot be fitted with our axisymmetric disc model.
IRAS 16164−5046
Bik & Thi (2004) model the CO emission of IRAS 16164−5046 using an isothermal
disc from 3.1–3.2 au (with large errors) at an inclination of 30◦, with an excitation
temperature of 4480K and a number density of 4 × 1020cm−2. The extent of the
disc is consistent with our results within errors, however we find a best fit that is
closer to the central star, which would account for our larger inner number density.
Our disc inclination of 53◦ is higher.
Bik et al. (2006) find CO emission and Pfund series emission with a width
comparable to that of the CO emission, suggesting a common kinematic origin.
However, due to the different conditions required for both emission, they suggest
the CO emission comes from the midplane of a disc, while the Pfund lines comes
from the ionised upper layers. They also note CO absorption from 2.33–2.35µm,
indicative of cold, foreground molecular gas.
M8E-IR
Wheelwright et al. (2010) were able to fit the emission of this object with a disc
from 0.3–2.6 au at an inclination of 16◦, with an inner number density of 1 ×
1023 cm−2 and a linewidth of 7 km s−1. Linz et al. (2009) find an inclination of
18.5◦ and a density exponent of q = −2.05 using α = 0.013.
Our fits to M8E-IR did not satisfactorily converge using many starting positions
across the initial parameter space. The spectrum was highly reddened, and the
fit suffered from several minima with similar χ2r values. The only change applied
between these fits was the level of continuum subtraction applied. There were
two issues with the data. Firstly, the level of the chip 4 flux seemed too high
to be reproduced by the model, meaning that even solutions that reproduced
the rotational line structure were assigned poor χ2r values. Secondly, the model
was unable to reproduce the relatively narrow structures on the red side of the
bandhead edge, which may be noise. Because these features were across a larger
range of wavelength than the three broader lines at the edge of chip 3, the fitting
routine assigned them a higher weight which resulted in poor fits to the bandhead
slope and the broader lines.
To address this, we restricted the range of fitting to exclude this region (as can
be seen in Figure 3.7), and increased the allowed upper linewidth to 60 km s−1,
which produced a better fit to the data, and produced similar best fitting param-
eters similar to those in Linz et al. (2009).
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Figure 3.11: Objects that were later confirmed to be non-MYSO sources, but
possess strong CO emission and were fitted with our disc model.
3.8 Lower mass YSOs and objects that were not
fitted
The objects G332.9457+02.3855 and G338.5459+02.1175 were originally thought
to be MYSOs at the time of observing, but subsequent determination of their
bolometric luminosity has shown the objects too faint for this to be the case, and
they are likely lower mass young stellar objects. We could not base our estimation
of their stellar parameters on the main sequence relationships, so we have estimated
their stellar parameters at the values shown in Table 3.5, which lie in the range of
typical T Tauri star values. Changes to these parameters within these ranges had
little effect on the final fits. The fits are presented in Figure 3.11.
Magnetically channelled accretion funnels have been suggested as a possible
source for CO bandhead emission in T Tauri stars (Martin, 1997). We obtain good
fits to the data of two young stellar objects using a simple disc model. The sizes
of the discs are beyond the typical co-rotation radii for these objects. In addition,
the intrinsic linewidths of both objects are similar to those of the massive YSOs.
This suggests that the emission originates from circumstellar discs regardless of
the mass of the central YSO, and not from accretion funnels.
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Figure 3.12: Objects that possessed CO emission that was too weak for an
accurate fit to be obtained.
Finally, we note that three objects in the sample had CO emission that was too
weak, or a signal-to-noise ratio that was too low for an accurate fit to be obtained.
For completeness, we include their spectra in Figure 3.12.
3.9 Conclusions
This chapter has presented the near-infrared spectra of 20 massive young stel-
lar objects that possess CO first overtone bandhead emission, the largest sample
studied in this way to date. The spectra of these objects are fit with a model
of emission originating in a circumstellar disc in Keplerian rotation. Three ap-
proaches to describing the properties of such circumstellar discs are investigated,
and it is found that the spectra were best fit by using an analytic approach to
describe the temperature and density within the disc. The main findings are:
1. All spectra are well fit by a model of a Keplerian rotation disc.
2. The best fitting disc parameters are consistent with previously published
information. The inclinations are spread across a wide rage of angles. The
best fitting temperature and density exponents are, on average, consistent
with flat circumstellar discs (subject to some scatter), a handful of objects
have exponents consistent with flared, irradiated discs.
3. Essentially all the best fitting discs are located close to the dust sublimation
radius, which is consistent with the existence of small scale gaseous accretion
discs around these objects.
It is found that the mass accretion rates of the objects are not easily determined
from examination of the disc structure as traced by a single CO bandhead. The
analysis of further bandheads may allow these accretion rates to be determined.
The physical processes occurring during massive star formation are still not
well understood. It is thought accretion proceeds through circumstellar discs at
high rates, which are believed to affect the state of the central protostar (Hosokawa
& Omukai, 2009; Hosokawa et al., 2010). Furthermore, recent simulations indicate
that high accretion rates result in massive discs and that gravitational torques in
such self-gravitating discs provide a mechanism to transport angular momentum
outwards (Kuiper et al., 2011). Therefore, it is becoming apparent that accretion
discs play a central role in the formation of massive stars. However, it is difficult
to confirm this observationally. In most cases, the large distances to MYSOs, and
their embedded nature, prevent detections of astronomical unit scale circumstellar
discs (the exception being IRAS 13481, see Kraus et al., 2010). In some cases,
high infall rates have been detected towards massive star forming regions (see e.g.
Beuther et al., 2012; Herpin et al., 2012; Qiu et al., 2012; Wyrowski et al., 2012).
However, these observations probe scales of approximately 1000 au and larger.
Therefore, it is difficult to establish that this material will be accreted by a single
object. Consequently, our observational overview of massive star formation is still
incomplete.
With this in mind, it is noted that this sample constitutes the largest sam-
ple of MYSOs with CO bandhead emission studied to date (several times that of
Wheelwright et al., 2010). Therefore, by confronting the observations with a kine-
matic model, an extensive investigation can be conducted into the circumstellar
environment of these objects. It is demonstrated that all the observed bandhead
profiles can be successfully fitted with a model of a circumstellar disc in Keplerian
rotation. In addition, it is shown that essentially all these models can be asso-
ciated with gaseous discs interior to the dust sublimation radii of these objects.
Finally, it is demonstrated that the objects in question appear no different to the
ensemble of objects in the RMS catalogue, the largest most complete catalogue
of MYSOs to date. Therefore, the fact that the CO bandhead emission of all the
objects observed can be fitted with a disc model supports the scenario in which all
MYSOs are surrounded by small scale (< 100 au) accretion discs. The objects ob-
served constitute a large sample of circumstellar discs around MYSOs and provide
promising targets for future observations and inspiration for detailed modelling of
the accretion environment of such objects.

Chapter 4
Determining accretion rates in
Herbig Ae/Be stars
4.1 Introduction
Pre-main sequence Herbig Ae and Be (HAeBe) stars lie in the mass range between
T Tauri stars (M < 2M⊙) and massive young stellar objects (M > 8–10M⊙).
Across this mass range, there is evidence for a change in the mechanism that
transfers material from the cloud and disc on to the central protostar. The mech-
anism is thought to switch from T Tauri-like magnetospheric accretion (Bouvier
et al., 2007), to some other phenomenon. The interiors of HAeBes are thought
to be mostly radiative (Hubrig et al., 2009), and therefore they lack the inte-
rior convection needed to power a strong magnetic field that would be required
for such magnetospheric accretion. Herbig Ae stars may possess sub-atmospheric
convection zones which can power magnetic fields (Mottram et al., 2007), but the
situation for the higher mass Herbig Be stars is not known.
Thus, the study of HAeBes offers a unique insight into the formation mecha-
nisms of high mass stars. The rate that material is transferred from the disc to the
star (the mass accretion rate, M˙) is an important parameter that determines the
structure and dynamics of circumstellar discs (D’Alessio et al., 1999, 2001), and
varies with stellar age. Models of massive stars have also shown that the mass ac-
cretion rate affects the state of the central protostar (Hosokawa & Omukai, 2009).
Therefore, it is important to understand how the mass accretion rate may change
across this mass range.
Previously, methods to study accretion rates in young stars have involved ex-
amining either infrared excess continuum emission (caused by viscous dissipation
in a circumstellar disc), or ultraviolet (UV) continuum excess (emitted by an ac-
cretion shock where disc material impacts on to the central protostar). Infrared
excess is often contaminated with reprocessed stellar radiation, and measurements
of UV continuum excess are only possible for stars with low extinction. Therefore,
other, more observationally accessible tracers of accretion have been investigated.
In the near infrared, the n = 7–4 transition of atomic hydrogen (Br γ) occurs
at λ = 2.16µm. It is therefore ideally suited for use as a probe of embedded
objects that are extincted, such as HAeBes, because these NIR wavelengths are
less scattered by the surrounding circumstellar material. Previous studies have
shown that Br γ is a reliable probe of the accretion luminosity of young stellar
objects. Muzerolle et al. (1998) found that the Br γ line luminosity in a sample
of low mass (0.2–0.8M⊙) T Tauri stars was tightly correlated with the accretion
luminosity as measured from blue continuum excess. Calvet et al. (2004) extended
this investigation to YSOs with masses up to 4M⊙, and find good agreement with
the previous study, and the relationship was used to examine the accretion rates
of 36 Herbig Ae stars by Garcia Lopez et al. (2006). More recently, Mendigut´ıa
et al. (2011) determined accretion luminosities from 38 Herbig Ae and Be stars
by examining the UV excess in the Balmer discontinuity, and found a correlation
with Br γ luminosity similar to Garcia Lopez et al. (2006).
This Chapter investigates two methods of determining the accretion rates of
HAeBes - via their Br γ emission, and via modelling of their CO bandhead emission
- using spectra obtained from VLT/X-SHOOTER. Section 4.2 discusses the obser-
vations and steps taken to reduce the data and remove telluric features. Section
4.3 presents the results obtained from measuring the strength of the Br γ emission,
and Section 4.4 presents the results of the CO model fitting. Section 4.5 discusses
the relationships between these two results, and Section 4.6 discusses the effect
that higher resolution data would have on our CO fitting method.
4.2 Observations & sample selection
The observations were performed with the X-SHOOTER wide-band spectrograph
(Vernet et al., 2011) on the VLT in service mode between October 2009 and March
2010 (the first semester of operation). VLT/X-SHOOTER provides simultaneous
wavelength coverage from 300–2480 nm using three spectrograph arms - UVB,
VIS, and NIR. The original sample of 90 Herbig Ae/Be stars were taken from
the catalogues of The´ et al. (1994) and Vieira et al. (2003), and were selected on
sky co-ordinates appropriate for the observing semester. A small number were
discarded due to insufficient brightness or ambiguous assignment as a HAeBe star.
This resulted in a sample larger than most other published studies by a factor
of 2–5. In addition to the large sample size, the use of X-SHOOTER allows
comparison of many spectral features from a single observation, which is important
given that HAeBes have been shown to be both photometrically and spectrally
variable (Oudmaijer et al., 2001). This Chapter utilises data from the NIR arm,
and concentrates on the subset of five objects from the full sample that were
determined to exhibit CO first overtone bandhead emission at 2.3µm. A log of
the observations of these objects is shown in Table 4.1, and their astrophysical
parameters are given in Table 4.2.
Table 4.1: Log of the observations performed with VLT/X-SHOOTER.
Object Other name RA Dec S/N CO Br γ Date
(J2000) (J2000) (σ) (σ)
PDS 133 SPH 6 07:25:04.95 −25:45:49.7 63 5 28 2010-02-24
V596 Car HD 85567 09:50:28.53 −60:58:03.0 114 17 37 2010-03-06
PDS 37 Hen 3−373 10:10:00.32 −57:02:07.3 136 10 41 2010-03-31
V1052 Cen HD 101412 11:39:44.46 −60:10:27.9 29 4 42 2010-03-30
PDS 69 Hen 3−949 13:57:44.12 −39:58:44.2 24 3 56 2010-03-29
Table 4.2: Astrophysical parameters of the sample.
Object Spectral K d T
(8)
eff A
(8)
V L
(8)
bol M
(8)
⋆ R
(8)
⋆
Type (mags) (pc) (K) (mags) (L⊙) (M⊙) (R⊙)
PDS 133 B6e(5) 9.29 590(1) 14 000 1.92 7.0 3.6 2.2
V596 Car B7–8Ve(6) 5.77 1500(2) 12 500 0.76 5000 3.2 2.7
PDS 37 B2e(5) 6.97 720(5) 22 000 5.46 8900 8.3 3.5
V1052 Cen A0III/IVe(7) 7.47 118(1) 10 000 0.62 4.3 2.4 2.5
PDS 69 B4Ve(3) 7.15 630(3) 17 000 1.55 250 5.8 3.5
1: de Zeeuw et al. (1999), 2: Manoj et al. (2006), 3: Reipurth & Zinnecker (1993),
4: Drew et al. (1997), 5: Vieira et al. (2003), 6: van den Ancker et al. (1998),
7: Guimara˜es et al. (2006), 8: van den Ancker (priv. communication).
The observations achieved a spectral resolution of R ∼ 8000 (∆λ = 0.28 nm at
λ = 2.3µm) using a slit width of 0.4 arcsec. A single pixel element covers 0.06 nm,
while a resolution element covers 4.3 pixels. The atmospheric seeing conditions
varied from 1.1–1.6 arcsec between observations. The exposure times ranged from
several minutes for the brightest sources, up to 30 minutes for the faintest ones.
Nodding along the slit was performed to allow background subtraction. The data
were reduced with the ESO pipeline software, which was verified with manually
reduced data for a handful of objects to ensure consistency. The data were of high
quality, with signal to noise ratios of 100–140 in most cases across the entire sample
of HAeBes. Standard stars of spectral type B were observed during each night to
allow for removal of telluric spectral features across the NIR range. However,
due to the template utilised for standard star observations (which could not be
changed), these observations were not integrated for a sufficiently long time to
possess the high signal to noise ratio of the science targets, giving them a signal
to noise ratio between 30–50 per cent lower.
4.2.1 Telluric line removal
The standard stars observed during the service mode observations did not possess
the high signal to noise ratios of the science targets. In an effort to avoid introduc-
ing unnecessary random noise into the final reduced spectra, a different method of
telluric line removal was investigated.
A model of the transmission of the atmosphere above the observatory was
used as a substitute for a telluric standard star. The model atmosphere spectrum
was obtained from ESO online interface to the SM-01 advanced sky model1. For
1http://www.eso.org/observing/etc/skycalc/skycalc.htm
each object, the airmass, season and night period of observation were input to
the calculator, and all other inputs were given their default values. The resulting
telluric spectrum for each object was returned with a very high spectral resolution
of R ∼ 106. For each object, the atmosphere spectrum needed to be ‘tuned’ to
the observations by altering three key parameters - the wavelength shift between
the two spectra, the broadness of the spectral features, and the strength of the
spectral features. Here we discuss how each of these steps was performed:
• The wavelength shift between the model atmosphere spectrum and the object
spectrum was obtained by computing the cross correlation function between
the two spectra, Pobs,atm(∆x), using the c correlate function of IDL, over
a specified range of shifts, ∆x. The value of ∆x giving a minimum difference
between the two spectra is chosen as the final wavelength shift.
• The broadness of the spectral features in the model atmosphere spectrum
was increased to match the observations by convolving the spectrum with a
Gaussian function, G(∆wλ), whose width ∆wλ was altered over a specified
range of values. For each value of ∆wλ, the standard deviation of the ratio of
the object spectrum to the smoothed atmospheric spectrum was calculated,
e.g.
σ(∆wλ) = stdev
(
Fobj
G(∆wλ) ∗ Fatm
)
. (4.1)
For a perfectly matched spectrum,
Fobj
Fatm
would be equal to one across the
wavelength range considered, and σ(∆wλ) would be equal to zero. For pro-
gressively differing spectra, the value of σ(∆wλ) will increase. Thus, choosing
a value of ∆wλ producing a minimum in σ(∆wλ) corresponds to the best
match between the two spectra.
• The strength of the spectral features of the model atmosphere spectrum is
scaled to match the object spectrum using the following function,
Fscaled =
Fatm + k
1 + k
, (4.2)
where k is a positive or negative constant. As with the broadness of the spec-
tral features, we again calculate the standard deviation of the ratio between
the two spectra,
σ(k) = stdev
(
Fobj
Fscaled
)
, (4.3)
and choose a value of k producing a minimum in σ(k).
Correcting for each of these factors has an effect on each of the others, so the
three tuning steps needed to be performed more than once. The number of cycles
of correction was determined on an object by object basis, and was ceased when
further correction had no effect on the output spectrum, i.e. when the sequence
had converged.
Figure 4.1 shows an illustrative example following both the standard star
method (right) and model atmosphere method (left) to remove the telluric ab-
sorption lines around the Br γ emission line (upper) and the first two CO first
overtone bandheads (lower) in V596 Car. The model atmosphere method performs
well across the Br γ region of the spectrum (upper left). The telluric absorption
features are almost completely removed by division of the model atmosphere, after
the appropriate level of tuning is performed. Applying the standard star method
to Br γ (upper right) is complicated by the presence of a Br γ absorption feature in
the spectrum of the standard star, creating an artificial increase across the wings
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Figure 4.1: Examples of different methods of telluric removal in the spectrum of V596 Car for both Br γ and CO.
The left panels show the use of a model atmosphere spectrum, and the right panels show the original telluric standard
star method. Scales are the same for all axes.
of the Br γ line in the corrected spectrum.
In contrast, for the CO region of the spectrum, tuning the model atmosphere to
an appropriate level is complicated by the many telluric absorption features across
this wavelength range, and the relative weakness of the CO emission. As a result,
the corrected CO spectrum contains many artefacts of over- and under-correction.
For the spectrum of V596 Car, the result could be slightly improved by correcting
over smaller wavelength ranges. However, it should be noted that this spectrum
has the best quality CO emission of the objects in our sample, and the tuning
procedure was much more difficult for other, lower quality spectra. Applying the
standard star method to the CO bandheads removed the telluric features much
more consistently, at the expense of a slight increase in the noise level of the data.
It was therefore decided to utilise the model atmosphere correction method for
the Br γ portion of the spectra, and the original telluric standard stars for the CO
portion. While using the standard star method does introduce extra noise to the
spectra, this is preferable to the alternative of over and under-correction, which
could be mistaken as individual rotational transitions within the bandheads, and
would cause problems during subsequent analysis.
4.3 Results from Br γ
In order to derive accretion rates using the methods mentioned earlier, the Br γ line
luminosity is required. This is determined from the observations by measurement
of the strength of the line by determining the equivalent width, W . The equivalent
widths are converted to line luminosities via Lline = FλW4πd
2, where Fλ is the
extinction corrected flux of the object at the wavelength of the spectral feature
(where we assume AK =
1
10
AV), d is the distance to the object, and the quantity
FλWline can be considered the flux of the line, Fline. Table 4.3 shows these quantities
for the 5 objects in our sample, which are shown in Figure 4.2.
Table 4.3: Br γ line widths (FWHM), equivalent widths (W ), line fluxes (F ),
and line luminosities (L), measured for the spectra shown in Figure 4.2.
Object FWHM W FBr γ LBr γ
(A˚) (km s−1) (A˚) (Wm−2) (L⊙)
PDS 133 13.5±0.1 190±1 4.3±0.2 4.0×10−17 4.3×10−4
V596 Car 11.8±0.2 163±3 3.1±0.1 6.4×10−16 4.5×10−2
PDS 37 11.8±0.1 163±1 5.9±0.4 6.4×10−16 1.0×10−2
V1052 Cen 14.6±0.3 200±5 1.0±0.1 4.5×10−17 1.9×10−5
PDS 69 8.7±0.2 120±3 5.5±0.5 3.5×10−16 4.4×10−3
The FWHM and equivalent widths of the lines were measured using the in-
teractive IDL package feature. For each object, ten measurements were taken,
and an average of these was reported as the final result, with the error given as
the standard deviation. The spectrum of V1052 Cen shows a double peaked line
profile, with a separation of 50 km s−1. As the source of this double peaking is
unknown, the FWHM is measured across the full width of the line, and should be
considered a maximal value.
4.3.1 Accretion rates
As mentioned above, the luminosity of Br γ has previously been shown to correlate
well with the accretion luminosity of intermediate mass YSOs, giving rise to several
calibrated relationships between the two quantities. For YSOs with masses up to
those of Herbig Ae stars, Calvet et al. (2004) and Garcia Lopez et al. (2006) found
that
log
Lacc
L⊙
= (0.9± 1.4)× log
LBr γ
L⊙
+ (2.9± 4.4). (4.4)
More recently, Mendigut´ıa et al. (2011) looked at a large sample of Herbig Ae and
Be stars and determined that
log
Lacc
L⊙
= (0.91± 0.27)× log
LBr γ
L⊙
+ (3.55± 0.80). (4.5)
We have used these two relationships (henceforth known as C1 and C2) to
determine the accretion luminosities of the objects. Once the accretion luminosity
has been determined, the relation
M˙ =
LaccR⋆
GM⋆
(4.6)
can be used to determine the mass accretion rate, provided the stellar parameters
are known. Table 4.4 shows the accretion luminosities and mass accretion rates
that were determined for each object.
Table 4.4: Accretion luminosity and mass accretion rates of the objects from Br γ
based on the relationships of C1: Garcia Lopez et al. (2006) and C2: Mendigut´ıa
et al. (2011).
Object Lacc (L⊙) M˙ (M⊙ yr
−1)
C1 C2 C1 C2
PDS 133 0.9 3.1 2.0+3−1 × 10
−8 6.3+10−4 × 10
−8
V596 Car 60 210 1.6+1−1 × 10
−6 6.3+4−2 × 10
−6
PDS 37 16 55 2.0+3−1 × 10
−7 8.0+8−4 × 10
−7
V1052 Cen 0.05 0.18 2.0+10−2 × 10
−9 6.3+30−5 × 10
−9
PDS 69 7.3 25 1.6+5−1 × 10
−7 5.0+10−4 × 10
−7
It is found that the relationship C2 gives mass accretion rates that are ap-
proximately 3–4 times higher than those determined with relationship C1. The
C2 relationship was determined from a sample of stars most similar to those in
our sample, so it is likely that the accretion rates determined from C2 are more
applicable. However, for completeness, we include the accretion rates obtained
from both relationships in our subsequent analysis.
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Figure 4.2: Br γ emission lines for the sample of HAeBes, corrected for continuum
slope. The velocity scale is centred on 2.165 µm.
4.4 Results from CO
The five HAeBe objects described in Table 4.1 were chosen based on the detection
of CO first overtone bandhead emission in their spectra. This emission has been
modelled using precisely the same methods as described in Chapter 3.
4.4.1 A case study: V596 Car
The disc model used within the CO fitting routine needs to be established. Two
possible choices are considered - disc model A; an analytic model, and disc model
B; a physical model based on Carr (1989) and Chandler et al. (1995) (see Chapter
3 for full details). To determine which disc model was most appropriate to fit
these data, best fits obtained with both disc models to the spectrum of V596 Car
were compared. The fitting routines were repeated with multiple starting positions
spread across the parameter space, to ensure no local minima were recovered. The
fit with the lowest χ2r value was chosen as the final best fit for the spectrum. For
disc model B, we take the anomalous viscosity parameter, α, to be 0.01, following
the SED fitting of a HBe object by Mer´ın et al. (2004). Figure 4.3 shows the
results of the fitting for each disc model.
The best fit to the V596 Car spectrum using the analytic disc model A struggles
to reproduce the shoulders of the v = 2−0 and 4−2 bandheads, and overestimates
the peaks of the v = 3 − 1 and 4 − 2 bandheads. This model fit also struggles to
reproduce the level of the rotational transitions in the v = 3 − 1 bandhead. The
best fit involving model B also struggles slightly to reproduce the shoulders of the
v = 2− 0 and 3− 1 bandheads, however the strength of the rotational transitions
and the level of the bandhead peaks in the model are more consistent with the
data, which is reflected in the lower χ2r value.
The number of free parameters in model A may be too large for the downhill
simplex algorithm to accurately obtain a best fit using data of this quality, even
with multiple starting positions in parameter space. Model B reproduces all of the
observed bandheads with good accuracy. Therefore, it was decided to perform the
fitting of the full sample of objects using disc model B.
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Figure 4.3: Comparison of best fitting models to the spectrum of V596 Car using
disc model A and disc model B. The fit using model B provides the best fit, which
is reflected in the lower χ2r value.
Table 4.5: Measured observational parameters from the first bandhead of the CO
first overtone emission.
Object W FCO LCO
(A˚) (Wm−2) (L⊙)
PDS 133 7.9±0.2 7.3×10−17 7.0×10−4
V596 Car 13.1±0.1 2.7×10−15 2.0×10−1
PDS 37 6.2±0.3 6.4×10−16 1.0×10−2
V1052 Cen 8.2±0.3 3.5×10−16 1.5×10−4
PDS 69 10.3±0.5 6.3×10−16 7.8×10−3
4.4.2 Multiple bandheads
The larger wavelength range of X-SHOOTER allows more than a single CO band-
head to be investigated. The CO emission model has been extended to include up
to the v = 6−4 bandhead. Figure 4.4 shows the effect of altering the free parame-
ters of disc model B on these five bandheads. Each spectrum has been normalised
to its peak flux and shifted vertically for clarity. The effect of an increase in the
mass accretion rate (top panel) changes the ratio of the bandhead peaks to one an-
other. This is due to high M˙ causing an increase in viscous heating, which in turn
causes a hotter disc (allowing higher energy levels to become more populated),
and an increase in surface density in the disc increasing optical depths. At low
inclinations, corresponding to a more face-on disc, the individual rotational lines
are much more prominent, and a blue shoulder on the bandheads is not apparent.
At high inclinations (a more edge-on disc), the shoulder is clearly seen across all
bandheads, and the rotational lines appear less clear due to the red- and blue-
shifted components from each transition. The effect of an increase in line width
also changes the relative heights of the different bandheads, and also acts to raise
the level of the rotational transitions with respect to the bandhead peaks, which
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Figure 4.4: Spectra produced using disc model B while varying mass accretion
rate (top), disc inclination (middle), and intrinsic line width (bottom). Each
spectrum is normalised to it’s peak flux, and vertically shifted for clarity. The
spectral resolution is consistent with the X-SHOOTER data, R ∼ 8000.
is caused by the broader intrinsic line shapes that are assigned to each individual
rotational transition.
The inclusion of the additional first overtone bandheads on the fitting process
was also investigated. Again, V596 Car is used as a case study. The fitting routine
was performed as usual, however the wavelength range over which the χ2r statistic
was calculated was restricted to include only the first, second and third bandhead
peaks (corresponding to the v = 2 − 0, 3 − 1 and 4 − 2 bandheads, respectively).
Therefore, the parts of the spectrum beyond these wavelength ranges was not
considered when deciding whether the goodness of fit. Figure 4.5 and Table 4.6
show the results of this.
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Figure 4.5: Fits obtained to the spectrum of V596 Car (black) while considering
one (green), two (blue) and three (red) bandheads within the AMOEBA fitting
routine, using disc model B. Horizontal lines show the wavelength range over which
the χ2r statistic was calculated during the fitting process.
Table 4.6: Best fitting parameters for the fits shown in Figure 4.5, and the final
best fit obtained.
Bandheads Ri Ro M˙ ∆ν i χ
2
r
fit (au) (au) (M⊙ yr
−1) (km s−1) (◦)
1 0.03 0.22 3.8 × 10−8 2.7 19 1.4
2 0.03 0.22 5.2 × 10−8 2.4 16 2.4
3 0.03 0.22 3.2 × 10−8 2.5 15 3.4
All 0.03 0.23 1.3+24−∗ × 10
−7 2.4+1−3∗ 13
+10
−11 4.7
∗: The value of χ2
r
did not change by one over the allowed parameter range.
It can be seen that, qualitatively, the fit involving only the first bandhead re-
produces the other four bandheads relatively well, and shows little difference to
the fit involving three bandheads. This is reflected quantitatively in the fit param-
eters, apart from the mass accretion rate, M˙ , which is underestimated when using
the single bandhead, when compared to the best fit involving all five bandheads
(shown in Section 4.4). However, it can be seen from the associated errors of the
mass accretion rate, which are large, that this parameter is not well constrained
by our modelling. The inclination, i, is also higher in the single bandhead fit, but
lies within the error ranges of the final best fit to V596 Car. This would suggest
that fits involving a smaller number of bandheads can be extrapolated to longer
wavelengths with reasonable accuracy, but that the mass accretion rate may be
difficult to determine from such fits.
4.4.3 Full sample results
The spectrum of each object was corrected for telluric features using the method
described previously in Section 4.2.1. The continuum was subtracted using fits
obtained with the IRAF packages onedspec and contin. The spectra were
then normalised to the peak emission of the first bandhead (v = 2− 0) which was
obtained by smoothing the peak, to reduce the effect of noise. The fitting procedure
was then performed using disc model B. The number of bandheads visible within
the spectra differed, and therefore the wavelength range of fitting was determined
on an object by object basis, and included at least three bandheads in all cases,
before excessive noise in the data made detection of further bandheads problematic.
Figure 4.6 and Table 4.7 show the results of the model fitting and their associated
best fitting parameters, and Figure 4.7 shows a graphical comparison of the best
fitting parameters for each HAeBe.
Table 4.7: Parameters obtained from the CO fitting for each of the five HAeBes.
Solid lines indicate the mean of each quantity, and dashed lines indicate the stan-
dard deviation.
Object Ri Ro M˙ ∆ν i χ
2
r
(au) (au) (M⊙ yr
−1) (km s−1) (◦)
PDS 133 0.02 0.21 3.2∗ × 10−8 3.8+16−4∗ 11
+44
−11∗ 2.8
V596 Car 0.03 0.23 1.3+24−∗ × 10
−7 2.4+1−3∗ 13
+10
−11 4.7
PDS 37 0.07 0.59 9.0∗ × 10−8 2.6+5−3∗ 13
+11
−13∗ 3.9
V1052 Cen 0.02 0.16 8.2∗ × 10−8 1.8+10−2∗ 9
+23
−9∗ 1.9
PDS 69 0.05 0.43 4.2∗ × 10−8 2.2∗ 22∗ 1.0
∗: The value of χ2
r
did not change by one over the allowed parameter range.
In all objects, the shoulders of the bandheads are well fit by the model spec-
tra. These regions of the spectra are affected most by the inclination of the disc,
therefore this suggests the inclinations of the objects should be well constrained.
However, it can be seen from the model fitting errors that the inclinations are
poorly constrained (with the exception of V596 Car). The level of noise in the
spectra is close to, or greater than, the strength of the individual rotational lines,
making them difficult to distinguish and fit. Without the combination of well
defined rotational lines and bandhead shoulders, the fitting routine struggles to
constrain the inclinations of the objects. This is also reflected in the intrinsic
linewidths of the fits, which are also poorly constrained (even in the case of V596
Car), because the fitting routine cannot easily distinguish the rotational lines from
the background noise.
The mass accretion rate is particularly poorly constrained compared to the
other fit parameters, with only V596 Car displaying a single error limit within the
entire accretion rate range explored. However, this is not surprising given that
the exploration of models with varying mass accretion rates (shown in Figure 4.4)
display relatively small changes in the spectra, which would be lost in the noise of
data of this quality.
In an attempt to overcome the problem of noise in the spectra disrupting the
fitting routine, the spectra were re-fit by only considering the minimisation of χ2r
over the v = 2− 0 bandhead, which is the strongest in most cases and is therefore
less affected by such noise. As before, the fitting routine was started with multiple
positions across the parameter space to avoid local minima, and the final best
fit was determined by the lowest χ2r value. However, each individual fitting run
resulted in minima with similar χ2r values (with less than 5 per cent difference
in all cases), but fit parameters that varied considerably across the fitting range.
While consideration of a single bandhead can be used to extrapolate the fit to other
bandheads when the data quality is reasonably high (see Section 4.4.2), when data
quality is lower, this leads to poorly constrained fits. Therefore, because of this
degeneracy in the results, it was decided to proceed with the results obtained from
the fits to multiple bandheads, where this information was retained in the fitting
process.
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Figure 4.6: Spectra (black) and model fits (red) to the CO emission of the objects
in the sample, using disc model B. For clarity, the spectra have been re-binned by
a factor of 4.
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Figure 4.6: Continued.
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Figure 4.7: Comparison of the best fitting parameters for each HAeBe obtained
from the CO fitting. The top panel shows the inner and outer radius of the CO
disc (Ri, Ro). In all other panels, the mean and standard deviation are denoted
with solid and dashed lines, respectively.
4.5 Analysis & Discussion
We find Br γ emission in all 5 of the HAeBe objects, at various strengths. The
strongest emission compared to the continuum occurs in PDS 133, while the weak-
est is V1052 Cen. The FWHM of the Br γ emission ranges from 120–200km s−1,
which is approximately six times the thermal linewidth expected for Hydrogen gas
at the effective temperatures of the central protostars (20–30 km s−1), which sug-
gests the lines are also broadened by non-thermal mechanisms. The Br γ lines are
also much broader than the individual linewidths obtained from the CO fitting,
suggesting a separate origin for both the Br γ and CO emission.
In total, 5 objects displayed CO first overtone bandhead emission in their
spectra, which corresponds to a detection rate of approximately 6 per cent. This is
in contrast to other studies of CO emission in young stellar objects, where detection
rates of around 20 per cent have been reported in low to intermediate mass YSOs
(e.g. Carr, 1989) and 17 per cent for massive YSOs (e.g. Cooper et al., 2013). It
is unclear why our detection rate is substantially lower than these other studies.
A possible explanation is that many HAeBes may not have enough gas in their
circumstellar environments to allow sufficient excitation of the CO bandheads, but
direct measurements of the amount of gas in these systems would be required to
confirm this hypothesis.
In addition to the low detection rate, the objects in our CO sample are mainly
of spectral type HBe (and V1052 Cen is of type HAO, having previously been
classified as HBe). Therefore, these objects are hotter and more massive than
their HAe-type counterparts. It could be that HAe stars not hot enough to excite
the CO sufficiently for it to be detected.
The intrinsic linewidths obtained from the fitting are of the order of the ther-
mal linewidths of CO gas between 1000-5000K (1–3 km s−1), however it should be
noted that these values are not well constrained and possess large errors in most
cases. The mass accretion rates obtained from the CO fitting procedure are clus-
tered around low values, close to the lowest accretion rate searched by the fitting
routine. The inclinations are similarly clustered at low values, with an average of
approximately 14◦. It is possible that a geometric selection effect is occurring, and
that to detect sufficiently strong CO bandhead emission, we require the disc to be
close to face on. From the perspective of the observer, this would correspond to
the CO emission region covering a larger area on the sky, whereas an edge on disc
of the same size would cover a smaller region. However, given the issues with the
fitting discussed previously, and that no such geometric selection effect is seen in
the MYSO spectra presented in Chapter 3, it is more likely that this is due to the
fitting routine being unable to distinguish features in the data that would allow
other inclinations to be recovered.
The luminosities of the Br γ and CO v = 2−0 bandhead are compared in the left
panel of Figure 4.8. There is a strong, positive correlation between the quantities.
A least squares fit to the data obtained logLCO = (1.06± 0.17) logLBr γ + (0.26±
0.44), which corresponds to an almost one-to-one relationship. In contrast, the
mass accretion rates determined using the Br γ and CO fitting (shown in the
right panel of Figure 4.8) do not follow this correlation. The the clustering of the
accretion rates from CO is particularly obvious. It is therefore clear that the fitting
of the CO bandheads using the methods described does not properly constrain the
mass accretion rates of the HAeBes using data of this quality.
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Figure 4.8: A comparison of the line luminosities (left) and mass accretion rates
(right) obtained from the CO and Br γ lines for each of the HAeBes. The dotted
lines show a one-to-one relationship. A line of best fit to the luminosity relationship
(logLCO = 1.06×log LBr γ+0.26) is shown in black. Errors for M˙CO are not shown
because in most cases they span the entire fitting range.
4.6 Exploring the effect of higher resolution data
One of the objects in the sample, V1052 Cen has also been the subject of a similar
investigation involving CO bandhead emission by Cowley et al. (2012). Using
high spectral resolution VLT/CRIRES data, they find fits to their data assuming
a disc of CO that is at most 0.8–1.2 au in extent, at a temperature of 2500K,
and assuming the disc is edge on, following the inclination of 80◦ determined from
Fedele et al. (2008). The best fitting model to our data for V1052 Cen is a disc
from 0.02–0.16 au at a low inclination of 9◦, which is in stark contrast to the results
obtained from the higher resolution CRIRES data.
In order to more fully assess the effect of higher spectral resolution observations
on our investigation, the data from Cowley et al. (2012) were obtained from the
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Figure 4.9: Comparison of CRIRES and X-SHOOTER data for V1052 Cen. The
CRIRES spectrum at R ∼ 90 000 (CRIRES A) shows much detail that is masked
when the spectrum is degraded to the X-SHOOTER resolution of R ∼ 9000, re-
binned, and given random noise (CRIRES B). The original X-SHOOTER data is
shown for comparison. All spectra have been normalised to their continuum and
shifted vertically for clarity.
ESO archive1. Figure 4.9 shows the spectra of V1052 Cen from CRIRES and X-
SHOOTER. It can be seen that the increase in resolution by approximately a factor
of ten from X-SHOOTER to CRIRES allows for many more spectral features to
be visible, including features in the blue shoulder of the bandhead and ‘M’ shaped
rotational line profiles. When the CRIRES spectrum is convolved with a Gaussian
corresponding to the spectral resolution of the X-SHOOTER data, re-binned the
appropriate amount, and given a similar level of random noise, the data appears
similar to the X-SHOOTER spectrum (CRIRES B). This suggests the differences
in the spectra are mainly a resolution effect, and not due to spectral variability
of the source. The main difference between our best fit to the X-SHOOTER data
1ESO programme 087.C-0124(A)
and the best fit of Cowley et al. (2012) to the CRIRES data is that they find good
model fits using much higher inclination of approximately 80◦, compared to our
best fit of 9◦. It can be seen from Figure 4.9 that the X-SHOOTER data lacks the
defined blue shoulder of the degraded CRIRES spectrum, which along with the
masking of the double peaked rotational line profiles, does not allow our fitting
routine to recover a solution at high inclinations.
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Figure 4.10: Model fits to the CRIRES data of V1052 Cen using disc model
A (upper panel) and disc model B (lower panel), with associated χ2r values. The
line beneath the main fit shows the data and model fit after degradation to the
spectral resolution of the X-SHOOTER observations.
To determine if the use of higher resolution data would better constrain the
Table 4.8: Best fitting model parameters for the high resolution CRIRES data
of V1052 Cen using disc model A.
V1052 Cen
Ri 0.67
+0.12
−0.07 au
Ro 0.87 au
Ni 1.0
+8
−∗ × 10
20 cm−2
Ti 2800
+100
−400 K
q −4.0+∗−∗ –
p −3.9+2.4−∗ –
∆ν 5.7+11−7 km s
−1
i 54+3−5 degrees
∗: The value of χ2
r
did not change by one over the allowed parameter range.
fit parameters to V1052 Cen, the CO fitting routine was performed on the high
resolution CRIRES data using both disc model A and B. The results are shown in
Figure 4.10. Contrary to the previous disc model testing, model B is unable to ade-
quately fit the higher resolution data, while model A has the freedom to reproduce
the features across the entire bandhead - which can be seen by inspection and from
the much lower χ2r value. Table 4.8 shows the parameters of the best fitting model
to the data using disc model A. These values differ slightly from Cowley et al.
(2012), but it should be noted that their model and fitting routine were different
to the methods presented here. For instance, they assume an isothermal ring of
CO with fixed parameters such as inclination, and the fitting was performed vi-
sually with no methodical χ2r minimisation being performed. However, the results
here still suggest a narrow ring of CO, at approximately the same temperature
and distance from the central protostar.
While adequate fits are obtained to medium resolution spectra, it can be seen
from analysis of high resolution spectra that the physical model based on Carr
(1989) and Chandler et al. (1995) it not appropriate. It may not contain the
relevant physics to properly described the circumstellar environment in which the
CO is excited to emit first overtone emission.
4.7 Conclusions
This Chapter has presented results on VLT/X-SHOOTER infrared spectra of five
HAeBe objects, examining their Br γ and CO first overtone bandhead emission.
The equivalent widths of the Br γ emission lines were measured and converted to
line luminosities. The line luminosities were then converted to accretion luminosi-
ties using two relationships based on the work of Garcia Lopez et al. (2006) and
Mendigut´ıa et al. (2011). The accretion luminosities were used, along with stellar
parameters, to determine an accretion rate for each object. The CO bandheads
were fit using the methods described previously in Chapter 3. Two models de-
scribing the physical disc structure were tested on the best quality CO spectrum,
and it was determined that a physical model based on balancing the heating and
cooling within the disc most accurately reproduced the data. This model was then
used to fit the other HAeBe CO spectra, deriving disc sizes, inclinations, mass
accretion rates and intrinsic linewidths of the CO emitting gas.
Comparison of the mass accretion rates obtained from the CO and the Br γ
showed that the CO fitting does not constrain the mass accretion rate well for data
of this quality and spectral resolution. High resolution VLT/CRIRES archive data
for one object is presented, and compared to the lower resolution X-SHOOTER
spectra. The CRIRES data shows many spectral features that are not seen in the
X-SHOOTER spectra. However, when degraded, the CRIRES data is comparable
to the X-SHOOTER data. Finally, the high resolution data are fit with the two
disc models mentioned previously. The model based on heating and cooling as
in Carr (1989) and Chandler et al. (1995) is unable to reproduce the features in
the spectrum, while the previously discarded analytic model produces a good fit.
It is concluded that high resolution data are required to perform the CO fitting
in this way, and that the physical disc model based on the heating and cooling
mechanisms, while able to fit low to medium resolution spectra, is not able to
reproduce the features seen in high resolution spectra.
Thus, fits obtained to CO bandhead spectra of medium to low resolution must
be treated with caution. While the model fit may appear to be acceptable when
considering lower resolution data, the physical model of heating and cooling de-
scribed in Carr (1989) and Chandler et al. (1995) is clearly oversimplified, and
does not contain the relevant processes required to properly fit features seen in
high resolution observations of CO bandhead emission. Thus, previous results
obtained using this method should be treated with caution until high resolution
follow-up observations can be performed.

Chapter 5
Conclusions
5.1 Summary
This thesis contains descriptions of work on several aspects of discs around young
stars that are in the process of forming. The topics addressed are the modelling
and observations of molecules within these discs, and how observations of these
molecules can be used as a probe of the disc environment. The following sections
summarise the important findings that have been presented.
Chemistry in a gravitationally unstable protoplanetary disc
The chemistry occurring within circumstellar discs around young solar-like stars
has important consequences for theories of planet formation, and the evolution
of pre-biotic molecules which may lead to life. Observations of the chemistry
occurring in these discs have been made with telescopes such as the Plateau de
Bure Interferometer and the Submillimeter Array (Dutrey et al., 2007; Henning
et al., 2010; O¨berg et al., 2010, 2011). Many authors have used physical disc
models, along with chemical evolution networks, to compute the evolution of the
chemistry within these discs in order to explain the observations (Fogel et al., 2011;
Heinzeller et al., 2011; Walsh et al., 2010; Woitke et al., 2009b).
These models have used varying degrees of physical complexity, ranging from
the single point models to two-dimensional treatment of discs that are considered
axisymmetric. However, in the earliest stages of star formation, in Class 0 sources,
disc masses may be comparable to the mass of the central protostar, and the
assumption of axisymmetery may not be appropriate. Models have shown that
in these cases, the discs may become gravitationally unstable, and rotating spiral
arms will develop in the disc. These arms lead to shocks that result in increases
in the temperature and density of the disc material, which alter the chemistry
occurring within the disc. To determine the magnitude of the effect of this, a
model of a young gravitationally unstable disc was used as physical input to a
gas-grain chemical network, in the first study of non-axisymmetric disc chemistry.
It was found that the shocks associated with the spiral arms caused desorption
of various chemical species from the surfaces of dust grains, which increased their
gas-phase abundances in regions of the disc which would be normally too cold for
this desorption to occur. In addition to shock-induced desorption, gas-phase reac-
tions that would normally not be energetically favourable occur in warm regions
that have recently been shocked, leading to the enhancement of the abundances
of certain species. In contrast to axisymmetric models of more evolved discs that
see significant vertical stratification of species and depletion near the mid-plane of
the disc, substantial gas-phase abundances are found near the mid-plane, caused
by the large scale mixing effect of the spiral arms.
CO bandhead emission in massive young stellar objects
The formation of massive stars is currently not well understood. Theoretical mod-
els have shown that it may be possible to form a massive star when considering
a scaled up version of low mass star formation, via an accretion disc, but obser-
vational evidence of this is lacking. The precursors to massive stars, MYSOs, are
therefore the subject of much study. However, confirming the presence of discs
around massive young stellar objects with direct observations is difficult, because
the MYSOs are highly obscured and invisible to optical radiation. Indirect meth-
ods must be used to probe the circumstellar environment of these objects.
The CO molecule offers just such an indirect probe. At the temperatures and
densities that occur in circumstellar discs close to the central protostar (T =
2000− 5000K, n > 1011 cm−2), the CO molecule is excited both rotationally and
vibrationally, creating rovibrational emission in the form of CO bandheads. The
first overtone of this emission occurs in the infrared at 2.3µm, which suffers from
less extinction than optical wavelengths, allowing access to these close circumstellar
regions.
High spectral resolution data were obtained with VLT/CRIRES for 20 MYSOs,
selected from the RMS Survey. The first overtone emission was modelled under the
assumption that it originates in a circumstellar disc in Keplerian rotation. Three
models of the physical disc structure were tested, and it was determined that the
only model able to reproduce the spectra adequately was an analytic description
of the temperature and density within the disc.
All spectra were well fit by this model of a Keplerian rotation disc. The best fit-
ting disc parameters were consistent with previously published information, where
information was available. The inclinations of the discs were spread across a wide
range of angles, with an average corresponding to a random selection. The best
fitting temperature and density exponents were consistent with flat circumstellar
discs, with some scatter, and a handful of objects had exponents consistent with
flared, irradiated discs. Essentially all best fitting discs are located close to, or
within, the dust sublimation radius. This suggests that this emission occurs from
gaseous circumstellar matter around the MYSOs. Finally, it is demonstrated that
the objects in the sample appear to not differ from general population of the RMS
Survey database, based on their near- and mid-infrared colours. The combination
of a large sample of MYSOs and fits obtained with detailed models provide com-
pelling evidence for the presence of small scale gaseous accretion discs around such
objects, supporting the scenario in which massive stars form in a similar way to
low mass stars, via disc accretion.
Determining accretion rates in Herbig Ae & Be stars
Herbig Ae & Be stars (HAeBes) are the precursors to intermediate mass stars,
with masses between 2 and 8M⊙. HAeBes are often obscured, but are still visible
at optical wavelengths, unlike their higher mass equivalents, MYSOs. Therefore,
the study of HAeBe stars offers a unique insight into the formation mechanisms
of stars more massive than our Sun. Over the mass range of the HAeBes, the
interiors of the stars change from being convective to being radiative, and thus they
do not possess the dynamos needed to power strong magnetic fields. Therefore,
the accretion mechanism is thought to change from magnetospheric to some other
form of accretion, possible directly on to the stellar surface. Thus, the study of
the accretion mechanisms of HAeBes will enable characterisation of this change.
Near infrared spectroscopy can be used to probe the accretion characteristics
of young stars. The strength of the n = 7–4 transition of atomic hydrogen, Br γ,
has been shown in previous studies (Calvet et al., 2004; Garcia Lopez et al., 2006;
Mendigut´ıa et al., 2011; Muzerolle et al., 1998) to correlate with the accretion
luminosity of YSOs as determined from infrared or UV continuum excess. CO first
overtone bandhead emission has been shown to originate from the discs around
young stars, and can be modelled using physical disc models, allowing the accretion
rate to be determined.
Five Herbig Ae & Be stars with CO first overtone emission were selected from
an original sample of 90 observed by VLT/X-SHOOTER, in order to measure
the strength of the Br γ emission and model the CO emission to determine ac-
cretion rates for the objects, and to discover if the accretion rates determined by
each method were consistent with one another. The equivalent widths of the Br γ
emission lines were measured and converted into accretion rates using the cali-
brations determined from previous work (Garcia Lopez et al., 2006; Mendigut´ıa
et al., 2011). The CO bandheads were fit using the methods described in Chapter
3. Two models describing the physical disc structure were tested on the clearest
CO spectrum, and it was determined that a physical model based on balancing
the heating and cooling within the disc (as in Carr 1989 and Chandler et al. 1995)
most accurately reproduced the X-SHOOTER data. This model was then used to
fit the other HAeBe CO spectra, deriving disc sizes, inclinations, mass accretion
rates and intrinsic linewidths of the CO emitting gas.
Comparison of the mass accretion rates obtained from the CO and the Br γ
showed that the CO fitting does not constrain the mass accretion rate well for data
of this quality and spectral resolution. High resolution VLT/CRIRES archive data
for one object was presented, and compared to the lower resolution X-SHOOTER
spectra. The CRIRES data showed many spectral features that are not seen in
the X-SHOOTER spectra. The high resolution spectrum was fit with the two disc
models mentioned previously. The model based on heating and cooling was unable
to reproduce the features in the spectrum, while the previously discarded analytic
model had the freedom to produce a good fit to the data. It was concluded
that high resolution data are required to perform the CO fitting in this way.
Therefore, previous results obtained from fitting CO bandheads using this method
of describing the disc should be treated with caution, until further high resolution
follow-up observations can be performed and analysed.
5.2 Future work
Despite the state of the art modelling and observations that have been performed
in recent years, there are still many unexplored avenues of research in the field of
circumstellar discs and young stellar objects. This section outlines further steps
that could be taken to develop the work presented in this thesis, and the outlook
for the field as a whole.
Chemistry in circumstellar discs
Spiral structure has been detected in the discs of SAO 206462 (HD 135344B, Muto
et al. 2012) and AB Aurigae (Fukagawa et al., 2004). However, these objects
possess relatively evolved transitional discs, and the structures are seen in longer
wavelength regimes, more associated with dust emission. Imaging of spiral arms
in gaseous disc material has yet to be performed. The advent of ALMA will
allow previously unresolvable scales to be accessed. With this facility nearing
full capacity, the opportunity for observations such as these is fast approaching.
Promising targets for such imaging include a Class 0 source, NGC 1333 IRAS 4A,
shown to have a 130AU disc from NH3 observations using the Jansky Very Large
Array (JVLA, Choi et al. 2007); and IRAS 16293-2422 A and B, which have been
observed in ALMA science verification (Pineda et al., 2012).
Therefore, the chemical results presented here have been used in radiative
transfer calculations to determine the observability of this model disc in different
submillimetre line transitions (Douglas et al., 2013). The Common Astronomy
Software package (CASA) was used to produce synthetic ALMA observations of the
disc under the assumption that it is surrounded by a pre-stellar core. It has been
found that transitions of CO, HCO+, OCS and H2CO will allow measurements
of the disc structure, and can be used to probe the kinematics of the disc on all
scales. Figure 5.1 shows the synthetic observations of transitions of H2CO and
HCO+.
It was also found that spiral structure signatures can be resolved in position-
velocity diagrams of the disc, even when the disc is close to edge-on. In the future,
we hope to use the resolving power of fully-operational ALMA in order to image
such discs, which will allow constraints to be placed on physical and chemical
models of these environments.
Improvements to the methods presented here could also be made. For instance,
the reaction network used in this work is, by comparison to other models, rather
small. The implementation of a larger reaction network involving more chemical
Figure 5.1: Synthetic, continuum subtracted, integrated intensity maps of the
disc presented in Chapter 2 for transitions of H2CO and HCO
+, as would be viewed
with fully operational ALMA. Courtesy of Tom Douglas (Douglas et al., 2013)
species and elements would be straightforward, but would increase the time re-
quired to compute the chemical histories. To compensate for this, the number of
fluid elements that are followed could be reduced. However, testing would need
to be performed to determine the minimum number of fluid elements necessary
before the chemistry is not sampled well enough across the disc, and in particular
across shock regions.
In this disc model, the chemistry and physical simulation are decoupled. It
has been shown in recent coupled models of protoplanetary discs that the effect of
the chemistry on the the physical evolution of the disc material can be significant.
Molecules such as CO and H2O contribute to the cooling of the disc material, and
large molecules such as polycyclic aromatic hydrocarbons (PAHs) can contribute
significantly to the heating of the disc material (Tilling et al., 2012; Woitke et al.,
2009a). In order to achieve this coupling in the model presented here, the chemistry
of the species key for the thermal structure would need to be calculated alongside
the physical disc simulation, which could be included in future modelling efforts.
Discs around MYSOs
As discussed previously, direct evidence of discs around massive young stellar ob-
jects is difficult to obtain for all but a handful of cases, so indirect methods of
probing the circumstellar environment of MYSOs are extremely useful. An obvi-
ous next step to the work presented here is the observation of more MYSO tar-
gets in the southern hemisphere with CO emission, using VLT/CRIRES in other
semesters, in order to increase the number of objects in the sample. The SUB-
ARU/IRCS instrument (R ∼ 20 000, Tokunaga et al. 1998) may be able to resolve
the kinematic structure within the CO bandheads for MYSOs in the northern
hemisphere.
Currently, the model of the disc used in the work is considered to be infinitely
thin. This may not be appropriate for discs around massive stars, and could
be extended to include vertical structure. Discs with a non-negligible vertical
extent may have upper regions that absorb enough stellar radiation to become
hot enough to excite CO at radii where collisional heating cannot produce the
required excitation temperatures. Including this structure in the modelling may
allow further information on the circumstellar environment of the MYSOs to be
obtained.
The method of fitting CO bandheads presented here has been utilised in fur-
ther studies of MYSOs involving integral field spectroscopy (Murakawa et al.,
submitted) and also in a study of a lower mass young star (Garatti et al., 2013),
demonstrating the applicability of the technique to young stars across the entire
mass range.
Mass accretion in HAeBes
The study of Herbig Ae & Be stars provides much information about the formation
mechanisms of higher mass stars, as it is across this mass range that the accretion
mechanism is thought to switch from magnetospheric accretion to another form
of accretion. The large sample of approximately 90 HAeBes observed with X-
SHOOTER provides a wealth of data across a large wavelength range that has
yet to be completely explored. Other accretion indicators, such as the Paschen
β transitions, and UV and IR excesses, could be characterised from this dataset.
However, preliminary analysis has shown that this is difficult for the hotter, more
massive Be stars. Therefore, there is clearly a need for other indicators of accretion
in these objects.
The work presented here has shown that higher spectral resolution observations
are needed to properly resolve the kinematic structure of the CO bandheads, to
enable fitting models as was done with the MYSOs. The VLT/CRIRES instrument
has been shown to be able to provide such high resolution spectra, therefore a
proposal will be submitted to observe the other HAeBe targets with CO emission
in our sample using CRIRES, so that their CO emission can be properly modelled
using other descriptions of accretion discs.
There is not currently an explanation for why some YSOs exhibit CO first
overtone emission, and why others do not. VLTI/AMBER and VLT/CRIRES
observations were used in Wheelwright et al. (2012c) to spatially resolve the CO
emission region around the binary supergiant B[e] star HD 327083, and showed
that the emission originated in a circumbinary disc. It is possible that observations
such as this could be used to resolve the CO emission regions around MYSOs and
HAeBes. More precise measurements of the source of the CO emission may enable
us to determine why CO is not detected across all YSOs.
5.3 Final remarks
The study of circumstellar discs offers a useful opportunity to study how star and
planet formation occurs, and under what conditions these processes take place.
The field is approaching an exciting period of time. In the short term, the com-
pletion of a fully operational ALMA will revolutionise our understanding using
submillimetre observations. In the longer term, facilities such as the proposed
European Extremely Large Telescope (E-ELT) will prove equally as revolutionary
for optical and near-infrared observations.
This thesis has shown that the relationship between physics and chemistry can
be used to gain a better understanding of astrophysical environments. Knowledge
of the chemistry occurring within circumstellar discs can be used to determine
species that are useful tracers of physical processes in the discs, and observations
of such chemical species can be used to determine the physical parameters of the
discs themselves.

Bibliography
Aikawa, Y., Miyama, S.M., Nakano, T. & Umebayashi, T. (1996). Evolu-
tion of Molecular Abundance in Gaseous Disks around Young Stars: Depletion
of CO Molecules. ApJ, 467, 684. 27
Aikawa, Y., Umebayashi, T., Nakano, T. & Miyama, S.M. (1999). Evo-
lution of Molecular Abundances in Protoplanetary Disks with Accretion Flow.
ApJ, 519, 705–725. 27, 28
Aikawa, Y., van Zadelhoff, G.J., van Dishoeck, E.F. & Herbst, E.
(2002). Warm molecular layers in protoplanetary disks. A&A, 386, 622–632. 27
Andre, P., Ward-Thompson, D. & Barsony, M. (1993). Submillimeter
continuum observations of Rho Ophiuchi A - The candidate protostar VLA
1623 and prestellar clumps. ApJ, 406, 122–141. 5, 6
Armitage, P.J. (2011). Dynamics of Protoplanetary Disks. ARA&A, 49, 195–
236. 15
Armitage, P.J., Livio, M. & Pringle, J.E. (2001). Episodic accretion in
magnetically layered protoplanetary discs. MNRAS, 324, 705–711. 29
Arons, J. & Max, C.E. (1975). Hydromagnetic Waves in Molecular Clouds.
ApJ, 196, L77. 4
Balbus, S.A. (2003a). Enhanced Angular Momentum Transport in Accretion
Disks. ARA&A, 41, 555–597. 12
Balbus, S.A. (2003b). Enhanced Angular Momentum Transport in Accretion
Disks. ARA&A, 41, 555–597. 15
Balbus, S.A. & Hawley, J.F. (1991). A powerful local shear instability in
weakly magnetized disks. I - Linear analysis. II - Nonlinear evolution. ApJ, 376,
214–233. 14
Bergin, E., Calvet, N., D’Alessio, P. & Herczeg, G.J. (2003). The Effects
of UV Continuum and Lyα Radiation on the Chemical Equilibrium of T Tauri
Disks. ApJ, 591, L159–L162. 27
Berthoud, M.G. (2008). Carbon monoxide emission from the inner disk around
intermediate-mass stars . Ph.D. thesis, Cornell University. 64
Berthoud, M.G., Keller, L.D., Herter, T.L., Richter, M.J. & Whe-
lan, D.G. (2007). Near-IR CO Overtone Emission in 51 Ophiuchi. ApJ, 660,
461–468. 67
Beuther, H., Linz, H. & Henning, T. (2012). The high-mass disk candidates
NGC 7538IRS1 and NGC 7538S. A&A, 543, A88. 104
Bik, A. & Thi, W.F. (2004). Evidence for an inner molecular disk around mas-
sive Young Stellar Objects. A&A, 427, L13–L16. 62, 67, 87, 99, 100
Bik, A., Kaper, L. & Waters, L.B.F.M. (2006). VLT K-band spectroscopy
of massive young stellar objects in (ultra-)compact HII regions. A&A, 455, 561–
576. 74, 85, 100
Blum, R.D., Barbosa, C.L., Damineli, A., Conti, P.S. & Ridgway, S.
(2004). Accretion Signatures from Massive Young Stellar Objects. ApJ, 617,
1167–1176. 62
Bodenheimer, P. (1995). Angular Momentum Evolution of Young Stars and
Disks. ARA&A, 33, 199–238. 12, 15
Boley, A.C. (2007). The three-dimensional behavior of spiral shocks in proto-
planetary disks . Ph.D. thesis, Indiana University. 30
Boley, A.C. (2009). The Two Modes of Gas Giant Planet Formation. ApJ, 695,
L53–L57. 13, 28, 30, 31
Boley, A.C. & Durisen, R.H. (2008). Gravitational Instabilities, Chondrule
Formation, and the FU Orionis Phenomenon. ApJ, 685, 1193–1209. 30, 31, 33,
36
Boley, A.C. & Durisen, R.H. (2010). On the Possibility of Enrichment and
Differentiation in Gas Giants During Birth by Disk Instability. ApJ, 724, 618–
639. 29
Boley, A.C., Mej´ıa, A.C., Durisen, R.H. et al. (2006). The Thermal Reg-
ulation of Gravitational Instabilities in Protoplanetary Disks. III. Simulations
with Radiative Cooling and Realistic Opacities. ApJ, 651, 517–534. 29
Boley, A.C., Durisen, R.H., Nordlund, A˚. & Lord, J. (2007a). Three-
Dimensional Radiative Hydrodynamics for Disk Stability Simulations: A Pro-
posed Testing Standard and New Results. ApJ, 665, 1254–1267. 29
Boley, A.C., Hartquist, T.W., Durisen, R.H. & Michael, S. (2007b).
The Internal Energy for Molecular Hydrogen in Gravitationally Unstable Pro-
toplanetary Disks. ApJ, 656, L89–L92. 31
Boley, A.C., Hayfield, T., Mayer, L. & Durisen, R.H. (2010). Clumps
in the outer disk by disk instability: Why they are initially gas giants and the
legacy of disruption. Icarus , 207, 509–516. 29
Boley, P., Linz, H., van Boekel, R. et al. (2012). On the massive young
stellar object AFGL4176: High-spatial-resolution multi-wavelength observations
and modeling. ArXiv e-prints . 98
Boss, A.P. (2001). Gas Giant Protoplanet Formation: Disk Instability Models
with Thermodynamics and Radiative Transfer. ApJ, 563, 367–373. 29
Boss, A.P. (2007). Testing Disk Instability Models for Giant Planet Formation.
ApJ, 661, L73–L76. 29
Bouvier, J., Alencar, S.H.P., Harries, T.J., Johns-Krull, C.M. & Ro-
manova, M.M. (2007). Magnetospheric Accretion in Classical T Tauri Stars.
Protostars and Planets V , 479–494. 107
Brand, J. & Blitz, L. (1993). The Velocity Field of the Outer Galaxy. A&A,
275, 67. 74
Bronfman, L., Nyman, L.A. & May, J. (1996). A CS(2-1) survey of IRAS
point sources with color characteristics of ultra-compact HII regions. A&AS,
115, 81. 74
Brown, P.N., Byrne, G.D. & Hindmarsh, A.C. (1989). Vode: A variable-
coefficient ode solver. SIAM Journal on Scientific and Statistical Computing ,
10, 1038–1051. 39
Cai, K., Pickett, M.K., Durisen, R.H. & Milne, A.M. (2010). Giant Planet
Formation by Disk Instability: A Comparison Simulation with an Improved
Radiative Scheme. ApJ, 716, L176–L180. 29
Calvet, N., Muzerolle, J., Bricen˜o, C. et al. (2004). The Mass Accretion
Rates of Intermediate-Mass T Tauri Stars. AJ, 128, 1294–1318. 108, 116, 145
Carr, J.S. (1989). Near-infrared CO emission in young stellar objects. ApJ, 345,
522–535. 24, 62, 67, 69, 92, 120, 132, 137, 139, 145
Carrasco-Gonza´lez, C., Galva´n-Madrid, R., Anglada, G. et al. (2012).
Resolving the Circumstellar Disk around the Massive Protostar Driving the HH
80-81 Jet. ApJ, 752, L29. 61
Caselli, P. (2005). Chemical Processes in Star Forming Regions. In M.S.N. Ku-
mar, M. Tafalla & P. Caselli, eds., Cores to Clusters: Star Formation with Next
Generation Telescopes , 47. 18
Chandler, C.J., Carlstrom, J.E. & Scoville, N.Z. (1995). Infrared CO
Emission from Young Stars: Accretion Disks and Neutral Winds. ApJ, 446,
793. 24, 62, 67, 69, 92, 120, 138, 139, 145
Chandrasekhar, S. (1960). The Stability of Non-Dissipative Couette Flow in
Hydromagnetics. Proceedings of the National Academy of Science, 46, 253–257.
14
Chiang, E.I. & Goldreich, P. (1997). Spectral Energy Distributions of T
Tauri Stars with Passive Circumstellar Disks. ApJ, 490, 368. 88, 97, 98
Chini, R. & Neckel, T. (1981). UBV and H-beta observations of stars towards
M8. A&A, 102, 171–174. 74
Choi, M., Tatematsu, K., Park, G. & Kang, M. (2007). Ammonia Imaging
of the Disks in the NGC 1333 IRAS 4A Protobinary System. ApJ, 667, L183–
L186. 147
Clarke, A. J. (2007). Near-infrared studies of massive young stellar objects .
Ph.D. thesis, University of Leeds. 63
Cooper, H.D.B., Lumsden, S.L., Oudmaijer, R.D. et al. (2013). The RMS
survey: near-IR spectroscopy of massive young stellar objects. MNRAS, 430,
1125–1157. 63, 132
Cossins, P., Lodato, G. & Clarke, C.J. (2009). Characterizing the gravita-
tional instability in cooling accretion discs. MNRAS, 393, 1157–1173. 29
Covey, K.R., Hillenbrand, L.A., Miller, A.A. et al. (2011). PTF10nvg:
An Outbursting Class I Protostar in the Pelican/North American Nebula. AJ,
141, 40. 85
Cowley, C.R., Hubrig, S., Castelli, F. & Wolff, B. (2012). The narrow,
inner CO ring around the magnetic Herbig Ae star HD 101412. A&A, 537, L6.
134, 136, 137
D’Alessio, P., Calvet, N., Hartmann, L., Lizano, S. & Canto´, J. (1999).
Accretion Disks around Young Objects. II. Tests of Well-mixed Models with ISM
Dust. ApJ, 527, 893–909. 108
D’Alessio, P., Calvet, N. & Hartmann, L. (2001). Accretion Disks around
Young Objects. III. Grain Growth. ApJ, 553, 321–334. 108
Davies, B., Lumsden, S.L., Hoare, M.G., Oudmaijer, R.D. & de Wit,
W.J. (2010). The circumstellar disc, envelope and bipolar outflow of the massive
young stellar object W33A. MNRAS, 402, 1504–1515. 62
de Wit, W.J., Hoare, M.G., Oudmaijer, R.D. & Lumsden, S.L. (2010).
The origin of mid-infrared emission in massive young stellar objects: multi-
baseline VLTI observations of W33A. A&A, 515, A45. 77, 80, 82
de Zeeuw, P.T., Hoogerwerf, R., de Bruijne, J.H.J., Brown, A.G.A.
& Blaauw, A. (1999). A HIPPARCOS Census of the Nearby OB Associations.
AJ, 117, 354–399. 110
Douglas, T.A., Caselli, P., Ilee, J.D. et al. (2013). Simulated Observations
of Young Gravitationally Unstable Protoplanetary Discs. ArXiv e-prints . 59,
147, 148
Drew, J.E., Busfield, G., Hoare, M.G. et al. (1997). MWC 297, B1.5Ve: a
zero-age main-sequence star in the Aquila Rift. MNRAS, 286, 538–548. 110
Dullemond, C.P., Hollenbach, D., Kamp, I. & D’Alessio, P. (2007).
Models of the Structure and Evolution of Protoplanetary Disks. Protostars and
Planets V , 555–572. 15
Durisen, R.H., Boss, A.P., Mayer, L. et al. (2007). Gravitational Instabilities
in Gaseous Protoplanetary Disks and Implications for Giant Planet Formation.
Protostars and Planets V , 607–622. 29, 31
Dutrey, A., Henning, T., Guilloteau, S. et al. (2007). Chemistry in disks.
I. Deep search for N2H+ in the protoplanetary disks around LkCa 15, MWC
480, and DM Tauri. A&A, 464, 615–623. 27, 141
Egan, M.P., Price, S.D. & Kraemer, K.E. (2003). The Midcourse Space
Experiment Point Source Catalog Version 2.3. In AAS Meeting Abstracts , vol. 35
of Bulletin of the AAS , 1301. 9
Ehrenfreund, P. & Charnley, S.B. (2000). Organic Molecules in the Inter-
stellar Medium, Comets, and Meteorites: A Voyage from Dark Clouds to the
Early Earth. ARA&A, 38, 427–483. 42, 43
Ehrenfreund, P. & Schutte, W.A. (2000). ISO Observations of Interstellar
Ices: Implications for the Pristinity of Comets. Advances in Space Research, 25,
2177–2188. 43
Ellerbroek, L.E., Kaper, L., Bik, A. et al. (2011). The Intermediate-mass
Young Stellar Object 08576nr292: Discovery of A Disk-Jet System. ApJ, 732,
L9. 99, 100
Falgarone, E. & Phillips, T.G. (1990). A signature of the intermittency of
interstellar turbulence - The wings of molecular line profiles. ApJ, 359, 344–354.
4
Farrenq, R., Guelachvili, G., Sauval, A.J., Grevesse, N. & Farmer,
C.B. (1991). Improved Dunham coefficients for CO from infrared solar lines of
high rotational excitation. Journal of Molecular Spectroscopy , 149, 375–390. 63
Fedele, D., van den Ancker, M.E., Acke, B. et al. (2008). The structure
of the protoplanetary disk surrounding three young intermediate mass stars. II.
Spatially resolved dust and gas distribution. A&A, 491, 809–820. 134
Ferguson, J.W., Alexander, D.R., Allard, F. et al. (2005). Low-
Temperature Opacities. ApJ, 623, 585–596. 71
Fogel, J.K.J., Bethell, T.J., Bergin, E.A., Calvet, N. & Semenov,
D. (2011). Chemistry of a Protoplanetary Disk with Grain Settling and Lyα
Radiation. ApJ, 726, 29. 27, 142
Fukagawa, M., Hayashi, M., Tamura, M. et al. (2004). Spiral Structure in
the Circumstellar Disk around AB Aurigae. ApJ, 605, L53–L56. 146
Gammie, C.F. (1996). Layered Accretion in T Tauri Disks. ApJ, 457, 355. 29
Gammie, C.F. (2001). Nonlinear Outcome of Gravitational Instability in Cooling,
Gaseous Disks. ApJ, 553, 174–183. 29
Garatti, A.C.o., Garcia Lopez, R., Weigelt, G. et al. (2013).
LBT/LUCIFER near-infrared spectroscopy of PV Cephei. An outbursting young
stellar object with an asymmetric jet. ArXiv e-prints . 149
Garcia Lopez, R., Natta, A., Testi, L. & Habart, E. (2006). Accretion
rates in Herbig Ae stars. A&A, 459, 837–842. 109, 116, 117, 138, 145
Gorti, U. & Hollenbach, D. (2004). Models of Chemistry, Thermal Balance,
and Infrared Spectra from Intermediate-Aged Disks around G and K Stars. ApJ,
613, 424–447. 28
Guilloteau, S. & Dutrey, A. (2008). A new view of proto-planetary disks
with ALMA. Ap&SS, 313, 95–100. 27
Guimara˜es, M.M., Alencar, S.H.P., Corradi, W.J.B. & Vieira, S.L.A.
(2006). Stellar parameters and evidence of circumstellar activity for a sample of
Herbig Ae/Be stars. A&A, 457, 581–589. 110
Hartquist, T.W. & Dalgarno, A. (1996). Molecular Diagnostics of the In-
terstellar Medium and Star Forming Regions. Ap&SS, 237, 267–298. 20
Hasegawa, T.I., Herbst, E. & Leung, C.M. (1992). Models of gas-grain
chemistry in dense interstellar clouds with complex organic molecules. ApJS,
82, 167–195. 42
Heinzeller, D., Nomura, H., Walsh, C. & Millar, T.J. (2011). Chemical
Evolution of Protoplanetary DisksThe Effects of Viscous Accretion, Turbulent
Mixing, and Disk Winds. ApJ, 731, 115. 28, 59, 142
Henning, T., Semenov, D., Guilloteau, S. et al. (2010). Chemistry in Disks.
III. Photochemistry and X-ray Driven Chemistry Probed by the Ethynyl Radical
(CCH) in DM Tau, LkCa 15, and MWC 480. ApJ, 714, 1511–1520. 27, 41, 141
Herbig, G.H. (1960). The Spectra of Be- and Ae-TYPE Stars Associated with
Nebulosity. ApJS, 4, 337. 10
Herbst, E. & van Dishoeck, E.F. (2009). Complex Organic Interstellar
Molecules. ARA&A, 47, 427–480. 19
Herpin, F., Chavarr´ıa, L., van der Tak, F. et al. (2012). The massive
protostar W43-MM1 as seen by Herschel-HIFI water spectra: high turbulence
and accretion luminosity. A&A, 542, A76. 104
Hollenbach, D., Kaufman, M.J., Bergin, E.A. & Melnick, G.J. (2009).
Water, O2, and Ice in Molecular Clouds. ApJ, 690, 1497–1521. 42
Hosokawa, T. & Omukai, K. (2009). Evolution of Massive Protostars with
High Accretion Rates. ApJ, 691, 823–846. 80, 104, 108
Hosokawa, T., Yorke, H.W. & Omukai, K. (2010). Evolution of Massive
Protostars Via Disk Accretion. ApJ, 721, 478–492. 104
Hubrig, S., Scho¨ller, M., Savanov, I. et al. (2009). Magnetic survey of
emission line B-type stars with FORS 1 at the VLT. Astronomische Nachrichten,
330, 708. 107
Humphreys, R.M. & Lockwood, G.W. (1972). Spectroscopic and Photomet-
ric Changes in the Peculiar Infrared Star VX Sagittarius. ApJ, 172, L59. 19
Ilgner, M., Henning, T., Markwick, A.J. & Millar, T.J. (2004). Trans-
port processes and chemical evolution in steady accretion disk flows. A&A, 415,
643–659. 28, 54, 59
Jeans, J.H. (1902). The Stability of a Spherical Nebula. Royal Society of London
Philosophical Transactions Series A, 199, 1–53. 3
Jime´nez-Serra, I., Mart´ın-Pintado, J., Rodr´ıguez-Franco, A. et al.
(2007). A Photoevaporating Rotating Disk in the Cepheus A HW2 Star Cluster.
ApJ, 661, L187–L190. 61
Jonkheid, B.J. (2006). Chemistry in evolving protoplanetary disks . Ph.D. thesis,
Leiden Observatory, Leiden University, P.O. Box 9513, 2300 RA Leiden, The
Netherlands. 6
Kaeufl, H.U., Ballester, P., Biereichel, P. et al. (2004). CRIRES: a high-
resolution infrared spectrograph for ESO’s VLT. In A.F.M. Moorwood & M. Iye,
eds., SPIE Conference Series , vol. 5492 of SPIE Conference Series , 1218–1227.
72
Kahn, F.D. (1974). Cocoons around early-type stars. A&A, 37, 149–162. 9
Kazes, I. & Crutcher, R.M. (1986). Measurement of magnetic-field strengths
in molecular clouds Detection of OH-line Zeeman splitting. A&A, 164, 328–336.
3
Klaassen, P.D., Wilson, C.D., Keto, E.R. et al. (2011). High resolution
CO observation of massive star forming regions. A&A, 530, A53. 9
Kraus, M., Kru¨gel, E., Thum, C. & Geballe, T.R. (2000). CO band
emission from MWC 349. I. First overtone bands from a disk or from a wind?
A&A, 362, 158–168. 63, 73
Kraus, S., Hofmann, K.H., Menten, K.M. et al. (2010). A hot compact dust
disk around a massive young stellar object. Nature, 466, 339–342. 61, 98, 104
Krumholz, M.R., Klein, R.I. & McKee, C.F. (2007). Molecular Line Emis-
sion from Massive Protostellar Disks: Predictions for ALMA and EVLA. ApJ,
665, 478–491. 96
Krumholz, M.R., Klein, R.I., McKee, C.F., Offner, S.S.R. & Cun-
ningham, A.J. (2009). The Formation of Massive Star Systems by Accretion.
Science, 323, 754–. 9
Kuiper, R., Klahr, H., Beuther, H. & Henning, T. (2010). Circumvent-
ing the Radiation Pressure Barrier in the Formation of Massive Stars via Disk
Accretion. ApJ, 722, 1556–1576. 9
Kuiper, R., Klahr, H., Beuther, H. & Henning, T. (2011). Three-
dimensional Simulation of Massive Star Formation in the Disk Accretion Sce-
nario. ApJ, 732, 20. 9, 96, 104
Lada, C.J. (1987). Star formation - From OB associations to protostars. In M. Pe-
imbert & J. Jugaku, eds., Star Forming Regions , vol. 115 of IAU Symposium,
1–17. 5
Larson, R.B. & Starrfield, S. (1971). On the formation of massive stars and
the upper limit of stellar masses. A&A, 13, 190–197. 9
Lepp, S. & Stancil, P.C. (1998). Molecules in the Early Universe and Primor-
dial Structure Formation. The Molecular Astrophysics of Stars and Galaxies,
edited by Thomas W. Hartquist and David A. Williams. Clarendon Press, Ox-
ford, 1998., p.37 , 4, 37. 18
Linz, H., Henning, T., Feldt, M. et al. (2009). Mid-infrared interferometry of
massive young stellar objects. I. VLTI and Subaru observations of the enigmatic
object M8E-IR. A&A, 505, 655–661. 85, 101
Lodato, G. (2008). Classical disc physics. New Astronomy Reviews , 52, 21–41.
14, 15
Lodato, G. & Clarke, C.J. (2011). Resolution requirements for smoothed
particle hydrodynamics simulations of self-gravitating accretion discs. MNRAS,
413, 2735–2740. 29
Lodato, G. & Rice, W.K.M. (2004). Testing the locality of transport in self-
gravitating accretion discs. MNRAS, 351, 630–642. 29
Lumsden, S.L., Hoare, M.G., Oudmaijer, R.D. & Richards, D. (2002).
The population of the Galactic plane as seen by MSX. MNRAS, 336, 621–636.
9
Manoj, P., Bhatt, H.C., Maheswar, G. & Muneer, S. (2006). Evolution of
Emission-Line Activity in Intermediate-Mass Young Stars. ApJ, 653, 657–674.
110
Markwick, A.J., Ilgner, M., Millar, T.J. & Henning, T. (2002). Molec-
ular distributions in the inner regions of protostellar disks. A&A, 385, 632–646.
28
Martin, S.C. (1997). A Funnel Flow Origin for CO Bandhead Emission in Young
Stellar Objects. ApJ, 478, L33. 102
Martins, F., Schaerer, D. & Hillier, D.J. (2005). A new calibration of
stellar parameters of Galactic O stars. A&A, 436, 1049–1065. 76, 85
Mayer, L., Quinn, T., Wadsley, J. & Stadel, J. (2004). The Evolution
of Gravitationally Unstable Protoplanetary Disks: Fragmentation and Possible
Giant Planet Formation. ApJ, 609, 1045–1064. 29
Mayer, L., Lufkin, G., Quinn, T. & Wadsley, J. (2007). Fragmentation of
Gravitationally Unstable Gaseous Protoplanetary Disks with Radiative Trans-
fer. ApJ, 661, L77–L80. 29
McElroy, D., Walsh, C., Markwick, A.J. et al. (2013). The UMIST
database for astrochemistry 2012. A&A, 550, A36. 16
Mej´ıa, A.C., Durisen, R.H., Pickett, M.K. & Cai, K. (2005). The Thermal
Regulation of Gravitational Instabilities in Protoplanetary Disks. II. Extended
Simulations with Varied Cooling Rates. ApJ, 619, 1098–1113. 29
Mendigut´ıa, I., Calvet, N., Montesinos, B. et al. (2011). Accretion rates
and accretion tracers of Herbig Ae/Be stars. A&A, 535, A99. 109, 117, 138, 145
Mer´ın, B., Montesinos, B., Eiroa, C. et al. (2004). Study of the properties
and spectral energy distributions of the Herbig AeBe stars HD 34282 and HD
141569. A&A, 419, 301–318. 120
Meru, F. & Bate, M.R. (2011). Non-convergence of the critical cooling time-
scale for fragmentation of self-gravitating discs. MNRAS, 411, L1–L5. 29
Mestel, L. & Spitzer, L., Jr. (1956). Star formation in magnetic dust clouds.
MNRAS, 116, 503. 3
Michael, S., Durisen, R.H. & Boley, A.C. (2011). Migration of Gas Giant
Planets in Gravitationally Unstable Disks. ApJ, 737, L42. 29
Millar, T.J., Farquhar, P.R.A. & Willacy, K. (1997a). The UMIST
Database for Astrochemistry 1995. A&AS, 121, 139–185. 16
Millar, T.J., Farquhar, P.R.A. & Willacy, K. (1997b). The UMIST
Database for Astrochemistry 1995. A&AS, 121, 139–185. 36, 40
Molinari, S., Brand, J., Cesaroni, R. & Palla, F. (1996). A search for
precursors of ultracompact HII regions in a sample of luminous IRAS sources.
I. Association with ammonia cores. A&A, 308, 573–587. 9
Monnier, J.D. & Millan-Gabet, R. (2002). On the Interferometric Sizes of
Young Stellar Objects. ApJ, 579, 694–698. 90
Mottram, J.C., Vink, J.S., Oudmaijer, R.D. & Patel, M. (2007). On the
difference between Herbig Ae and Herbig Be stars. MNRAS, 377, 1363–1374. 9,
10, 107
Mottram, J.C., Hoare, M.G., Lumsden, S.L. et al. (2010). The RMS survey:
far-infrared photometry of young massive stars. A&A, 510, A89. 10
Mottram, J.C., Hoare, M.G., Davies, B. et al. (2011). The RMS Survey:
The Luminosity Functions and Timescales of Massive Young Stellar Objects and
Compact H II Regions. ApJ, 730, L33. 73
Mu¨ller, H., Schlo¨der, F., Stutzki, J. & Winnewisser, G. (2005). The
Cologne Database for Molecular Spectroscopy. Journal of Molecular Structure,
742, 215–227. 16
Murakawa, K., Lumsden, S.L., Oudmaijer, R.D. et al. (submitted). Near-
infrared integral field spectroscopy of Massive Young Stellar Objects. MNRAS.
149
Muto, T., Grady, C.A., Hashimoto, J. et al. (2012). Discovery of Small-
scale Spiral Structures in the Disk of SAO 206462 (HD 135344B): Implications
for the Physical State of the Disk from Spiral Density Wave Theory. ApJ, 748,
L22. 146
Muzerolle, J., Hartmann, L. & Calvet, N. (1998). A Brgamma Probe of
Disk Accretion in T Tauri Stars and Embedded Young Stellar Objects. AJ, 116,
2965–2974. 108, 145
Myers, P.C., Fuller, G.A., Mathieu, R.D. et al. (1987). Near-infrared and
optical observations of IRAS sources in and near dense cores. ApJ, 319, 340–357.
4
Najita, J., Carr, J.S., Glassgold, A.E., Shu, F.H. & Tokunaga, A.T.
(1996). Kinematic Diagnostics of Disks around Young Stars: CO Overtone Emis-
sion from WL 16 and 1548C27. ApJ, 462, 919. 24
Nomura, H. & Millar, T.J. (2005). Molecular hydrogen emission from proto-
planetary disks. A&A, 438, 923–938. 28
Nomura, H., Aikawa, Y., Nakagawa, Y. & Millar, T.J. (2009). Effects of
accretion flow on the chemical structure in the inner regions of protoplanetary
disks. A&A, 495, 183–188. 28
Norberg, P. & Maeder, A. (2000). On the formation of massive stars by
accretion. A&A, 359, 1025–1034. 8
O¨berg, K.I., Qi, C., Fogel, J.K.J. et al. (2010). The Disk Imaging Survey of
Chemistry with SMA. I. Taurus Protoplanetary Disk Data. ApJ, 720, 480–493.
27, 141
O¨berg, K.I., Qi, C., Fogel, J.K.J. et al. (2011). Disk Imaging Survey of
Chemistry with SMA. II. Southern Sky Protoplanetary Disk Data and Full Sam-
ple Statistics. ApJ, 734, 98. 27, 141
Oudmaijer, R.D., Palacios, J., Eiroa, C. et al. (2001). EXPORT: Optical
photometry and polarimetry of Vega-type and pre-main sequence stars. A&A,
379, 564–578. 110
Oudmaijer, R.D., van den Ancker, M.E., Baines, D. et al. (2011). X-
shooting Herbig Ae/Be stars: Accretion probed by near-infrared He I emission.
Astronomische Nachrichten, 332, 238–241. 10
Patel, N.A., Curiel, S., Sridharan, T.K. et al. (2005). A disk of dust and
molecular gas around a high-mass protostar. Nature, 437, 109–111. 61
Petrov, R.G., Malbet, F., Weigelt, G. et al. (2007). AMBER, the near-
infrared spectro-interferometric three-telescope VLTI instrument. A&A, 464,
1–12. 61
Pineda, J.E., Maury, A.J., Fuller, G.A. et al. (2012). The first ALMA view
of IRAS 16293-2422. Direct detection of infall onto source B and high-resolution
kinematics of source A. A&A, 544, L7. 147
Podolak, M., Mayer, L. & Quinn, T. (2011). Evolution of Coated Grains in
Spiral Shocks of Self-gravitating Protoplanetary Disks. ApJ, 734, 56. 29
Qi, C., Wilner, D.J., Aikawa, Y., Blake, G.A. & Hogerheijde, M.R.
(2008). Resolving the Chemistry in the Disk of TW Hydrae. I. Deuterated
Species. ApJ, 681, 1396–1407. 27
Qiu, K., Zhang, Q., Beuther, H. & Fallscheer, C. (2012). Forming an O
Star via Disk Accretion? ApJ, 756, 170. 104
Reipurth, B. & Zinnecker, H. (1993). Visual binaries among pre-main se-
quence stars. A&A, 278, 81–108. 110
Robitaille, T.P., Whitney, B.A., Indebetouw, R. & Wood, K. (2007).
Interpreting Spectral Energy Distributions from Young Stellar Objects. II. Fit-
ting Observed SEDs Using a Large Grid of Precomputed Models. ApJS, 169,
328–352. 85
Rothman, L.S., Rinsland, C.P., Goldman, A. et al. (1998). The HITRAN
Molecular Spectroscopic Database and HAWKS (HITRAN Atmospheric Work-
station): 1996 Edition. J. Quant. Spec. Radiat. Transf., 60, 665–710. 72
Sa´nchez-Monge, A´., Cesaroni, R., Beltra´n, M.T. et al. (2013). A candi-
date circumbinary Keplerian disk in G35.20-0.74 N: A study with ALMA. A&A,
552, L10. 97
Schneider, N., Stutzki, J., Winnewisser, G. & Block, D. (1998). The
Rosette Molecular Complex. I. CO observations. A&A, 335, 1049–1069. 2
Schreyer, K., Guilloteau, S., Semenov, D. et al. (2008). Chemistry in
disks. II. Poor molecular content of the AB Aurigae disk. A&A, 491, 821–827.
41
Semenov, D., Pavlyuchenkov, Y., Henning, T., Wolf, S. & Launhardt,
R. (2008). Chemical and Thermal Structure of Protoplanetary Disks as Ob-
served with ALMA. ApJ, 673, L195–L198. 27
Semenov, D., Hersant, F., Wakelam, V. et al. (2010). Chemistry in disks.
IV. Benchmarking gas-grain chemical models with surface reactions. A&A, 522,
A42+. 41
Semenov, D.A. (2011). Chemical Evolution of a Protoplanetary Disk. In IAU
Symposium, vol. 280 of IAU Symposium, 114–126. 41
Shakura, N.I. & Sunyaev, R.A. (1973). Black holes in binary systems. Ob-
servational appearance. A&A, 24, 337–355. 67, 69
Shu, F.H., Adams, F.C. & Lizano, S. (1987a). Star formation in molecular
clouds - Observation and theory. ARA&A, 25, 23–81. 1, 4, 6
Shu, F.H., Adams, F.C. & Lizano, S. (1987b). Star formation in molecular
clouds - Observation and theory. ARA&A, 25, 23–81. 4, 8
Sridharan, T.K., Beuther, H., Schilke, P., Menten, K.M. &
Wyrowski, F. (2002). High-Mass Protostellar Candidates. I. The Sample and
Initial Results. ApJ, 566, 931–944. 9
Stamatellos, D., Hubber, D.A. & Whitworth, A.P. (2007). Brown dwarf
formation by gravitational fragmentation of massive, extended protostellar discs.
MNRAS, 382, L30–L34. 29
Tatulli, E., Malbet, F., Me´nard, F. et al. (2008). Spatially resolving the
hot CO around the young Be star 51 Ophiuchi. A&A, 489, 1151–1155. 62
The´, P.S., de Winter, D. & Perez, M.R. (1994). A new catalogue of members
and candidate members of the Herbig Ae/Be (HAEBE) stellar group. A&AS,
104, 315–339. 10, 109
Tilling, I., Woitke, P., Meeus, G. et al. (2012). Gas modelling in the disc
of HD 163296. A&A, 538, A20. 148
Tokunaga, A.T., Kobayashi, N., Bell, J. et al. (1998). Infrared camera
and spectrograph for the SUBARU Telescope. In A.M. Fowler, ed., Society of
Photo-Optical Instrumentation Engineers (SPIE) Conference Series , vol. 3354 of
Society of Photo-Optical Instrumentation Engineers (SPIE) Conference Series ,
512–524. 149
Toomre, A. (1964). On the gravitational stability of a disk of stars. ApJ, 139,
1217–1238. 13, 29
Urquhart, J.S., Busfield, A.L., Hoare, M.G. et al. (2007). The RMS sur-
vey. Radio observations of candidate massive YSOs in the southern hemisphere.
A&A, 461, 11–23. 10
Urquhart, J.S., Hoare, M.G., Lumsden, S.L. et al. (2009). The RMS survey.
H 2O masers towards a sample of southern hemisphere massive YSO candidates
and ultra compact HII regions. A&A, 507, 795–802. 10
Vaidya, B., Fendt, C. & Beuther, H. (2009). Accretion Disks Around Mas-
sive Stars: Hydrodynamic Structure, Stability, and Dust Sublimation. ApJ, 702,
567–579. 70
van den Ancker, M.E., de Winter, D. & Tjin A Djie, H.R.E. (1998).
HIPPARCOS photometry of Herbig Ae/Be stars. A&A, 330, 145–154. 110
van Dishoeck, E.F. & Black, J.H. (1988). The photodissociation and chem-
istry of interstellar CO. ApJ, 334, 771–802. 87
van Dishoeck, E.F. & Hogerheijde, M.R. (1999). Models and Observations
of the Chemistry Near Young Stellar Objects. In C.J. Lada & N.D. Kylafis, eds.,
NATO ASIC Proc. 540: The Origin of Stars and Planetary Systems , 97. 18
Vasyunin, A.I., Wiebe, D.S., Birnstiel, T. et al. (2011). Impact of Grain
Evolution on the Chemical Structure of Protoplanetary Disks. ApJ, 727, 76. 41
Velikhov, E.P. (1959). Stability of an Ideally Conducting Liquid Flowing Be-
tween Cylinders Rotating in a Magnetic Field. J. Exptl. Theoret. Phys., 36,
1398–1404. 14
Vernet, J., Dekker, H., D’Odorico, S. et al. (2011). X-shooter, the new wide
band intermediate resolution spectrograph at the ESO Very Large Telescope.
A&A, 536, A105. 109
Vieira, S.L.A., Corradi, W.J.B., Alencar, S.H.P. et al. (2003). Investi-
gation of 131 Herbig Ae/Be Candidate Stars. AJ, 126, 2971–2987. 10, 109,
110
Visser, R., van Dishoeck, E.F., Doty, S.D. & Dullemond, C.P. (2009).
The chemical history of molecules in circumstellar disks. I. Ices. A&A, 495,
881–897. 42
Vorobyov, E.I. & Basu, S. (2005). The Origin of Episodic Accretion Bursts
in the Early Stages of Star Formation. ApJ, 633, L137–L140. 28
Vorobyov, E.I. & Basu, S. (2006). The Burst Mode of Protostellar Accretion.
ApJ, 650, 956–969. 28
Vorobyov, E.I. & Basu, S. (2009). Secular evolution of viscous and self-
gravitating circumstellar discs. MNRAS, 393, 822–837. 28
Vorobyov, E.I. & Basu, S. (2010). Formation and Survivability of Giant Plan-
ets on Wide Orbits. ApJ, 714, L133–L137. 29
Wakelam, V., Herbst, E., Loison, J.C. et al. (2012). A KInetic Database
for Astrochemistry (KIDA). ApJS, 199, 21. 16, 36
Walsh, A.J., Hyland, A.R., Robinson, G. & Burton, M.G. (1997). Studies
of ultracompact HII regions - I. Methanol maser survey of IRAS-selected sources.
MNRAS, 291, 261–278. 74
Walsh, C., Millar, T.J. & Nomura, H. (2010). Chemical Processes in Pro-
toplanetary Disks. ApJ, 722, 1607–1623. 28, 54, 57, 142
Wheelwright, H.E., Oudmaijer, R.D., de Wit, W.J. et al. (2010). Probing
discs around massive young stellar objects with CO first overtone emission.
MNRAS, 408, 1840–1850. 24, 62, 63, 85, 87, 96, 97, 99, 100, 101, 105
Wheelwright, H.E., de Wit, W.J., Oudmaijer, R.D. et al. (2012a). Prob-
ing the envelopes of massive young stellar objects with diffraction limited mid-
infrared imaging. A&A, 540, A89. 77, 98
Wheelwright, H.E., de Wit, W.J., Weigelt, G., Oudmaijer, R.D. &
Ilee, J.D. (2012b). AMBER and CRIRES observations of the binary sgB[e]
star HD 327083: evidence of a gaseous disc traced by CO bandhead emission.
A&A, 543, A77. 62
Wheelwright, H.E., de Wit, W.J., Weigelt, G., Oudmaijer, R.D. &
Ilee, J.D. (2012c). AMBER and CRIRES observations of the binary sgB[e]
star HD 327083: evidence of a gaseous disc traced by CO bandhead emission.
A&A, 543, A77. 150
Willacy, K. (2007). The Chemistry of Multiply Deuterated Molecules in Proto-
planetary Disks. I. The Outer Disk. ApJ, 660, 441–460. 28
Willacy, K., Klahr, H.H., Millar, T.J. & Henning, T. (1998). Gas and
grain chemistry in a protoplanetary disk. A&A, 338, 995–1005. 21, 28
Willacy, K., Langer, W., Allen, M. & Bryden, G. (2006). Turbulence-
driven Diffusion in Protoplanetary Disks: Chemical Effects in the Outer Regions.
ApJ, 644, 1202–1213. 28
Williams, D.A. (2005). Gas and dust in the interstellar medium. Journal of
Physics Conference Series , 6, 1–17. 19
Williams, J.P., Blitz, L. & Stark, A.A. (1995). The Density Structure in
the Rosette Molecular Cloud: Signposts of Evolution. ApJ, 451, 252. 1, 3
Woitke, P., Kamp, I. & Thi, W.F. (2009a). Radiation thermo-chemical mod-
els of protoplanetary disks. I. Hydrostatic disk structure and inner rim. A&A,
501, 383–406. 148
Woitke, P., Thi, W.F., Kamp, I. & Hogerheijde, M.R. (2009b). Hot and
cool water in Herbig Ae protoplanetary disks. A challenge for Herschel. A&A,
501, L5–L8. 28, 142
Wolfire, M.G. & Cassinelli, J.P. (1987). Conditions for the formation of
massive stars. ApJ, 319, 850–867. 9
Woodall, J., Agu´ndez, M., Markwick-Kemper, A.J. & Millar, T.J.
(2007). The UMIST database for astrochemistry 2006. A&A, 466, 1197–1204.
16
Wyrowski, F., Gu¨sten, R., Menten, K.M., Wiesemeyer, H. & Klein,
B. (2012). Terahertz ammonia absorption as a probe of infall in high-mass star
forming clumps. A&A, 542, L15. 104
Zhu, Z., Hartmann, L. & Gammie, C. (2009). Nonsteady Accretion in Proto-
stars. ApJ, 694, 1045–1055. 29
Zhu, Z., Hartmann, L. & Gammie, C. (2010a). Long-term Evolution of Pro-
tostellar and Protoplanetary Disks. II. Layered Accretion with Infall. ApJ, 713,
1143–1158. 29
Zhu, Z., Hartmann, L., Gammie, C.F. et al. (2010b). Long-term Evolution of
Protostellar and Protoplanetary Disks. I. Outbursts. ApJ, 713, 1134–1142. 29
Zinnecker, H. & Yorke, H.W. (2007). Toward Understanding Massive Star
Formation. ARA&A, 45, 481–563. 8
